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WA7BGUIDING AND RADIATION CHARACTERISTICS OP 
A THIN WAIL PARALLEL PLATE STRUCTURE 

Propagation in a parallel plate waveguide with 
perfectly conducting plates (o=oo) has heen treated hy 
many authors. The effect of finite conductivity of plates 
on attenuation has also "been taken into account. But the 
effect of finite thickness t of imperfectly conducting (Oti^co ) 
plates on the propagation constant has not "been investigated. 

The radiation and waveguiding properties of a 
parallel plate waveguide with an imperfect plate has been 
studied in this thesis. When the imperfect plate is thin 
(t <6, where 6 is skin depth) there is a leakage of power. 
This leakage of power gives rise to radiation. Based on the 
results of the radiation properties of the structure, a leaky 
wave antenna called TLA, has been tested successfully at 
X-band frequencies. 

* 

The major conclusions of this study are as follows: 

(i) there is an optimum thickness of the imperfect plate at 
which attenuation is minimum. This optimum thickness is 
given by t/6=7i/2. 
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(ii) for t/6 a new type of leaky wave has been 

observed. For this type of wave, the phase velocity is 
less than the velocity of light and growth in transverse 
direction is same as that for leaky waves. This wave has 
been called a slow leaky wave, and 

(ill) TLA can be designed to give narrow beams in a direction 
away from endfire also. 

In order to investigate the waveguiding and radiation 
properties of the structure it is necessary to know the 
propagation constant of the structure for various possible 
modes. Propagation constant is obtained by solving the 
dispersion relation. Hence, dispersion relations have been 
obtained for TEM-like, TM and TE modes. These dispersion 
relations have been solved nmerically for the propagation 
constants. Analytical approximate closed form expressions 
for propagation constant have also been obtained. It has been 
found that for t/6 < ti/2, the attenuation constant and the 
phase constant for all the above modes increase with decrease 
in either or both a and t. These constants also increase 
with increase in the dielectric constant of the medium 
separating the plates . For t/6 <10”"^, slow-leaky waves 

(c/v > l) are obtained. These waves have not been reported 
earlier. 

Attenuation constant a/kQ, has been obtained 

in terms of surface resistance of imperfect plate by using 
the transverse resonance technique^. Here, the effect of 
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(0.9" X 0.4" ) has heen used for fabricating TLA and a 
thin film of bismuth has been chosen for the imperfect "wall. 
Thickness and conductivity of bismuth film used are I 5 OO AU 
and 1.08 x 10^ mho/m respectively. Measurements have been 
carried out at 9» 10 and 11 GHz. The agreement between the 
experimental and theoretical values is fairly good. 

TLA has been compared with other leaky wave antennas. 

It has been observed that designing a TLA would be easier 
as compared with other leaky wave antennas. This is so 
since c/v variation of TLA is essentially that of a simple 
parallel plate waveguide and “Aq also is given by a simple 
expression. TLA can be designed to give narrow beams m a 
direction ether than endfire also. To obtain narrow beams 
the attenuation should be correspondingly low. Low values 
of attenuatSLon can be easily obtained by increasing the 
thickness of imperfect wall. Thus, a long TLA can be used 
with a narrow beam pointing away from endfire. TLA has 
been found to have better sidelobe characteristics than slotted 
waveguide antenna. In the radiation pattern of slotted 
waveguide antenna there is another sidelobe due to slot 
mode. This mode is not present in TIA. 
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CHAPTER 1 
INTRODUCTION 


The study of propagation of electromgnetic 
energy in waveguiding structures has been of considerable 
interest. One of the simple waveguiding structures can be 
obtained by a set of parallel plates. The propagation 
characteristics in this type of structure has been 
extensively studied for different cases. 

Propagation in a parallel plate waveguide with 
perfectly conducting plates has been treated by many 
authors [1-3]. ®he effect of finite conductivity of plates 
on the attenuation has been taken into account by Eamo et 
al. [ij, Jordan and Balmain [2j, and Adler et al.[3]* 
However, in [1-3] the thickness of the imperfect plate 
has been taken to be much greater than the skin depth. 
Therefore, the effect of finite conductivity on the phase 
constant is negligible. In the present work the effect 
of finite thickness and finite conductivity on propagation 
constant in a parallel plate structure hss been studied. 

In order to put the study in proper perspective some of 
the relevant literature is briefly reviewed. 

Ramo et al.[l3 and Jordan et al.[2] have obtained 
the expressions for the attenuation constant by the usvial 
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technique of calculoting the power lost in the imperfect 
wall and the power transmitted in the longitudinal 
direction. Adler et al. [ 3 ] have derived the expressions 
for the TEM-mode and TM-modes hy solving the transverse 
resonance equation. Their investigation is based on the 
perturbation treatment of the unperturbed mode. 

Rectangular wavcg^llde structure with a narrow wall 
replaced by a slab (t »6) of semiconductor has been reported 
in the literature [4»5]. The dominant mode of propagation 
in such a structure has been investigated by Larrabee [ 4 ] 
and Gunn and Sheikh [5]» These investigations are aimed 
at the measurement of the dielecoric constants of the 
semiconductors , 

Zarbouiak [9] has obtained the propagation constants 
for TB-modes and TM-modes in a rectangular waveguide by 
using the surface impedance Z^, of the imperfect plate. 

The method used is based on the perturbation of the 
unperturbed mode. The only assumption underlying this 
treatment is that the surface impedance is very small 
compared to free space impedance Zq (377 ohms). This 
assumption leads to a lower limit on the values of conducti- 
vity (c) and thickness (t) of the imperfect plate. As a 
result of the approximation ( Z^ ( « Zq, Karbowiek’s method 
[ 9 ] holds good for only those values of t at which change 
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in phase constant is negligihle. 

As mentioned earlier the present work concerns 
itself with the effect of conductivity and thickness of the 
imperfect plate on the phase constant and attenuation 
constant of a parallel plate waveguide structure. The analyses 
holds good even for very small thicknesses of imperfect wall. 
For these small thicknesses a fraction of the power flowing 
inside the guide leaks out. This property of the structure 
has "been utilized to construct a leaky wave antenna. In the 
specific antenna configuration discussed, one of the namow 
walls of a rectangular waveguide is replaced hy a thin film 
(t <6) of a metal. Hereafter, this antenna is abbreviated 
as ’TLA' (Thin wall Leaky waveguide Antenna). 

The waveguiding proper titis of a parallel plate 
structure with a thin wall are discussed in Chapter 2, The 
dispersion relations for TEM-like, TM and TE-modes are 
obtained and they are solved for the propagation constant 
using the perturbation approach. The effect of various 
parameters on phase constant and attenuation constant is 
discussed. It is seen that the values of phase constant 
and attenuation constant increases with the decrease in 
thickness t of imperfect plate. Very low values of t give 
rise to slow leaky waves (p > Fq')- These slow leaky waves 
are also discussed. 
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Simplified expressions for fhe atteniiation constants 
for various modes, which take into account the effect of 
various parameters, is included in Chapter 5* Variation 
of attenuation with thickness (obtained in Chapter 2) is 
explained here by calculating the surface resistance of 

I 

imperfect plate. The method of transverse resonance is 
used. It IS shown that the attenuation is minimum when the 
thickness of imperfect plate is such that t/6 * 7t/2. 
Propagation near cut-off is also discussed in this chapter. 

In Chapter 4, the radiation properties of the 
structure are included. First, the steepest-descent method 
IS used to evaluate the radiation pattern of an infinitely 
long antenna when the structure is excited by a distribution 
of line sources. Finite length antenna is analysed by means 
of the Kirchhoff-Huygens integration method. The antenna 
efficiency ti and the beamwidth of infinitely long TIA is 
also included. A simple expression giving the position of 
minimum beamwidth is obtained. 

Experimental measurements on TLA constitutes 
Chapter 5. A thin film of bismuth is used for imperfect 
wall. Experimental results for guide wavelength and atten- 
uation are compared with theoretical results. Radiation 
patterns at X-band frequencies are seen to be in fair 
agreement with theoretically computed patterns. 



TLA IS compared with the slotted waveg\iide antema 
and channel guide antenna in Chapter 6. It is pointed out 
that designing a TLA is easier compared with other leaky 
wave antennas, c/v variation of TLA is essentially that 
of a simple rectangular waveguide. Very low values of 
attenuation can he obtained so that a long antenna can be 
used even with the beam directed away from endfire. 

The last chapter summarises the major conclusions 
and the suggestion for further work is also included here. 
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CHAPgEa 2 

VAVEGUIDING CHARACTERISTICS 

Wav ©guiding properties of a parallel plate waveguide 
with, a thin imperfect wall are discussed in this chapter. 

In order to investigate these characteristics of the structure, 
it IS necessary to know the propagation constants of various 
modes possible. The propagation constants for TBM, TM and TE 
modes are obtained in the following sections. 

propagatioit constant of the STRUQTUBE 

Here we are interested in finding the deviations 
in the propagation constant of a parallel plate waveguide 
with an imperfect wall as compared to that with perfect walls. 

In a parallel plate waveguide with perfectly conducting 
walls the dominant mode of propagation is TEM mode. However, 
when the conductivity of one of the parallel plates is reduced 
to a finite value, it gives rise to a tangential component of 
the electric field. This component of the electric field 
IS required to drive the linear current density against the 
non-zero surface impedance of the metal wall [5]. This mod© 
has been termed as TEM-like mode by Adler et al.[2j* 

TB and TM modes will also propagate when the 
f'ftparation between the plates is greater than half the 
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wavelength in the dielectric medinm. B-eparating the 
plates. Unlike TEM mode finite values of conductivity and 
thickness of imperfect plate do not give rise to an addit- 
ional component of electromagnetic field in TB and modes. 

Due to the finite conductivity of thet’^^tal wall 
the electromagnetic field penetrates into the metal. This 
may cause coupling between different modes and the purity 
of the mode may be spoiled. The coefficient of coupling is 
proportional to the resistive part of the surface impedance 
of the imperfect plate [ 9 ]. This coupling is absent only 
■6-,hen TE^Q-mode is propagating [9]. In all other cases, the 
coupling to other modes is neglected in the following 
analysis. 

The propagation constant for the stinicture is 
obtained by using the pertuibation approach [ 2 ]. In the 
perturbation method, an approximate expression for the 
propagation constant is obtained by solving the dispersion 
relation by assiming a perturbed mode in the structure. 

2. 1*1 Disnersion relation for the structure 

The dispersion relation for the structure is 
obtained by utilizing the Maxwell ‘a equations and the 
boundary conditions. Since the transverse components of 
electric and magnetic fields for TEM-like and modes 
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differ only in the number of half wave variations » they 

belong to the same class of TM modes (n=0 represents 

no 

TEM-like mode). Thus, the dispersion relation is the 
same for all these modes. 

Configuration of the structure and the coordinate 
system is shown in Figure 2.1. Here b is the thickness of 
the dielectric separating the parallel plates. The dielectric 
has been assumed to be lossless and its relative dielectric 
constant has been taken to be e^. She case of lossy dielectr'O 
IS treated in Sec.3»2. The conductivity of the imperfect 
plate IS a and its thickness is t. Alternatively, the 
imperfect plate may be characterised by skin depth 6 and 
the dimensionless quantity t/6. Skin depth 6 is given by 

(TcfiaQo)-^. 

The field components for modes are E^., 

and H . The expression for E in the different regions of 
z y 

the structure may be written as 

+ Re (-b <x <0) (2,1a) 

jh„x -oh^x 

Ey 2 « Pe ^ + Qe ^ (O <x < t) (2.1b) 

Oh,x 

and Ey^ « Te ^ (x >t) (2,1c) 

The expression for EL for modes may be written as 
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®yi 


(-b <x <0) 

(2.2a) 


3P,3C -JP,X 

(0 <x <t) 



* P' e a ^ 

(2.2b) 


jp-x 

(x > t) 

(2.2c) 

“y3 

= T'e ^ 

The 

field variation along 

Z has been assumed to 

(oyZ). 

The time variation 

has been taken 

to be 


(“D wt). Expressions for the other two field componenrs 
are obtained by using the Maxwell’s equations and expressions 
for Ey or Hy given in eqns. (2.1) and (2.2) respectively. 


h^,h 2 »h^ and Pj^»P 2 »P^ are the transverse propagation 
constants in the different regions of the structure for TB 
and TM modes respectively. They are related to the propa- 
gation constant along the 2-d.irection, through the 

expressions: 


hi « 

ko 

(2,5a) 

^2 = 

kQ [K-(yAo)®3'^ 

(2.5b) 

hj « 

ko [l-(Y/ko)^]^ 

(2.5c) 

Pi «= 

kQ [Cy-(YAo)*J^ 

(2,5d) 

P2 ' 

ko Ck-(yAo)*3^ 

(2.3e) 

Pj *= 

koCi-CvAo)*]^ 

(2.3f ) 


and Pj 
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where y in eqns. (2.3a~2.3c), and in eqns* (2.3d-2.3f ) 
corresponds to TE and TM modes respectively 

Also, 

kj =03 *1^0^ 0 

and K = l+jo/o) Cq (2.4) 

In the case of parallel plate structure with the perfectly 
conducting plates p^b=0 for TBM-like node. For TE and TM 
modes respectively, one gets hj^b=n'n: and P 2 ^'b=nit. 

The dispersion relation is obtained by applying 
boundary and continuity conditions on the appropriate 
components of electric OvUd magnetic fields. The boundary 
condition for TE mode is: 

(1) Ey^ = 0 at x=-b 

The continuity conditions for TE node are: 


(2) 

(a) 

£ m 

yi 

= E ^ 
y2 

at 

x=0 


(b) 


CM 

II 

at 

3C=0 

(3) 

(a) 

®y2 


8,i7 

x=t 


(b) = 

■ Hz3 

at 

x=t 


Using eqns. (2.1) and above mentioned conditions the following 
dispersion relation is obtained for TE mode: 

hjCjb^ tan h^t-hgj+li^ tan [oh^+h 2 tan h 2 t ]=0 

(2.5a) 

Similarly, the dispersion relation for TBM-lxke and 



modes is obtained as: 

Ep^ tan p^bCoKp^tan 2 ° 

(2.5b) 

Note that, the above equations should give rise to the 
dispersion relations for grounded dielectric slab when t=0. 
Under this condition eqns. (2.5) become. 

h^cot h^y = 3 h^ (2.6a) 

Pj^ tan P 2 _b =-oe^p^ (2.6b) 

Equations (2.6a) and (2.6b) are the dispersion relations 
for odd-mode TE-waves and even-node TM-waves respectively 
on a groimded dielectric slab [lO]. 

Roots of the dispersion relations (2.5) are the 
propagation constants for the structiire. These may be 
obtained from numerical solution of eqns. (2.5). However, 
an approximate closed form solution will be obtained first 
using perturbation methods. 

2.1.2 Evaluation of the propagation con st ants 

The propagation constants are obtained by consider- 
ing the perturbation of modes in the corresponding structure 
with perfect walls. The normalised propagation constant 
may be written as 


yAq = TqAo 


(2.7) 
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where Yq'^^q is the propagation constant for the 
unperturhed mode and is given hy 

(n=0 for TEM~node) 

The procedure for obtaining the expressions 
for dy/kQ IS as follows; 

(i) substitute eqn. (2.7) in eqns (2.3) and neglect 
higher order terns in dyA^, 

(li) use h^jh^jh^i P 2 »p 2 »P 5 » obtained, in eqns (2.5), 

(iii)further approxinate 


tan 

(pp) 

= pp 

for 

TBM-like mode 

tan 

(pp) 

= p^b-nTT 

for 

TM modes 

tan 

(hp) 

= h^b-nm 

for 

TB modes 


A discussion of the approximations made in (i) and 
(ill) IS given in Appendix A. The implications of 
these approximations in limiting the range of values 
of various parameters (b,f,t and a) is also included 
in Appendix A. 

(iv) neglect, the higher order terms in dyAo ai^ising 
again due to product terms in eqns (2.5 )• 
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“’ollowing the above procedure the expr'essions for for 

"e^^ious inodes, are obtained as; 

= se I =s 1 

(a) TE inodes; 

' ' h2t - j tan(h2t) n-rtkQt/kQb 1 

"0 ok^t k^b tan(h2t) [~ 3E:(kQb/nTc) ^]-h2t (k^b/nit) “[l-jn-rc] YqAo 

(2.9a) 

(b) TM-modes 

6y 2, h2b[o Ky + h2t tan(h2t)] 1 

^0 ^ (kQb)2[0 Ky tan(h2t )-h2t] -jh2b(kQt)Vy 

(2.9b) 

Inhere y = nTikQt/kQb 

(c) TEM-like mode: 



-1 tan (h^t)/kf.b A 

where Z = ^ y— =_ 

2/K tan(h2t) 

9a6e II e^> 1. Here, the expressions used for are 
different than that for £^=1 (Appendix A) . These expressions 
•"or h^ do not reduce to the corresponding expressions for 
for e^=l* Therefore expressions for byj^.^ given below also do 
not reduce to the corresponding relations for dy/k^ for Cy*l. 
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(a) TB-modes. 



(n-ji)^ hgt - A tan(ligt) 1 

h^-t(:iA+h^t tan(h2t)/kQt - lA^b YqAo 

(2.10a) 


(b) TM-modes* 


6y Ej, ^2 OK k^t A + h^t tan(h2't) 1 

~ ^ k^t“ tan(h2t)A-li2t J-je^ h2^ Yq^^q 

(2.10b) 


where A = 1 (YqA^)^ 


(c) TEM“li'''e mode. 


6y 






0 


where ^=3 



-K kpt Ay -1 + hgt tan (hgt) 
-K k^t tan(h2t) v/^e^ -1 - hgt 


(2.10c) 


The expressions for the propagation constants are 
obtained by using the approximate expressions from eqns.(2,9) 
or eqns. (2.10) in eqn. (2.7). Phase constant and attenuation 
constant, thus obtained, are plotted (dotted curves) in 
Figures 2.2 and 2.3 using some typical values of parameters 
indicated in these figures. The other curves (solid lines) 
shown in Figures 2.2 and 2.3 ane the numerical solutions of 





Approximate soln feqns (2 9)8<''2 10)] 
Exact numerical soln of eqns (2 5) 

cr/ooeo = 

f ^ 8 GHz 
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eqns. (2.5) » The numerical values are ehtaaned "by taking 
the analytical results (eqnB.(2.7) and (2«8)) as the initial 
root of the dispersion relation and calculating the exact 
root numerically on a computer. For all the cases (excepting 
some phase constants at low values of t/6) shown in Figures 
2.2 and 2.5, the agreement between the analytical results 
and the numerically computed values is good, limitations 
on the values of parameters for eqns.(2.9) and (2.10) to 
hold good are given in Appendix A. 

The results reported here are for the case when 
only one plate is imperfect. If both plates of the structure 
are taken to be the same (same t and o) the attenuation 
should be multiplied by a factor of 2. The change in phase 
constant 6p, will also become double. 

The attenuation constant obtained here consists 
of two parts. Part of it is due to dissipation in the 
imperfectly conducting wall and the rest is due to leakage 
of power through the thin wall. This leakage of power 
gives rise to radiation. Radiation characteristics of the 
structure a**e discussed in Chapter 4. 

Effect of thickness t and e^ 

In the variation of normalised phase constant P/k^, 
and normalised attenuation constant a/k^, with t/6, shown 
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:n Pigures 2,2 and 2.3f "the following featiires are worth 
noting; 

(1) In Figure 2.2, PAq all "tli-e cases is almost equal 
to the corresponding unperturbed values for t/6 above a 
certain limit. Below this limit (on t/6), PAq increases 
in all the cases. The rate of increase with decreasing 
t/6 IS different for approximate (analytical) and n\imerical 
solutions. However, it has been noted that this discrepancy 
decreases with the increase in value of conductivity a, 

(2) It IB seen in Figure 2.3 that ^Aq "varies inversely 

W3th t for 0,CC4 ’j$t/6 0.4 in all the cases. For t/6< 0.004? 

a/kQ varies slowly than 1/t variation. This is due to the 
increase in the value of PAq* I't is to be noted from 
Figure 2.3 that the attenuation is minimum for a thickness 

t such that t/6 is equal to %/2, The shape of the atteniiation 
curve can be explained by considering the imperfect wall 
as a transmission line of thickness t with propagation in 
the transverse direction. This treatment is carried out in 
Section 3»1» 

Effec t of conductivity a 

Figures 2.4 and 2,5 show the effect of variation 
of conductivity of imperfect plate on the phase constant 
and the attenuation constant respectively for mode. 







Fig. 2. 5 Variation of ct/k^ with t for various values of 
conductivity cf imperfect plate 
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The values of cr chosen are shown xn the graph* In 
"Figure 2.5 t has "been normalised with respect to skin 
depth at Oi=5*87xlo'^ mho/m, 

Plg^lre 2.4 shows that PAq "^©^sus t/6 graph is 
constant for ±/6»R^/Zq (irrespective of the value of 
a in the range considered). This fact is useful in 
establishing the range over which the approximate expression 
for the attenuation constant (given in Section 3*1) can be 
used. Figure 2.5 shows that a/k^ increases with the decrease 
in value of o. The effect of decreasing cr is the same as 
that of decreasing t. In fact, for some range of values 
of a and t (shown in Figure 3*2) ®Aq is proportional to l/crt. 

Effect of frequency f 

The variation of PAq frequency 

as a parameter for TE^q mode is included in Figures 2.6 and 
2.7 respectively. Here, t has been normalised with respect 
to skin depth at &Hz. The rate of variation of phase 
constant with frequency detemaines the rate of scanning of 
main beam for TLA. The change in attenuation with frequency 
will give the change in beamwidth of main beam* ¥e note 
from Figure 2,7 that for a given value of t attenuation 
increases with decrease in the value of frequency. 
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Pig. 2. 7 Variation of attenuation constant with t 


and fretguency as a parameter 
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2.2 MATURE OF ¥AVI!S GUIDED ALOUg THE SimFACE OE STflUOTORE 

Till now our effort has been directed towards 
studying and interpreting propagation constant. Now we 
will use this laiowledge for studying the nature of waves 
guided along the surface of the structure. The important 
parameters in this study are y or p^« Erom a 

knowledge of y c/v ratio can be easily obtained, which 
IS an important parameter in the study of waves guided 
along the structure. 

The guiding surface of the structure is metal-air 
interface defined by the plane x=t (Eigure 2.1). Waves 
supported by this interface can be classified into two 
categories: fast waves and slow waves. East waves are 
characterised by the fact that their phase velocity along 
the longitudinal direction is greater than the velocity of 
light (c) in free space. These waves are associated with 
the radiation pattern of a leaky wave antenna. Eor slow 
waves, the phase velocity along the longitudinal direction 
IB less than or equal to c, i.e. p is greater than or equal 
to kQ, Antennas which utilize slow waves and radiate in 
endfire direction are called surface wave antennas. It 
is shown in the next section that there is another class 
of waves called slow leaky waves which utilize slow waves 
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(g/v> 1) and radiate away from endfire. 

In tiie remaining portion of this section we want 
to study the effect of variation of thickness of the 
imperfect plate (with conductivity held constant) on the 
nature of TEM-like, and TE waves supported by this 
structure. 

Case I TEM-like mode; Here it is shown that in this case, 
leaky waves cannot be supported. 

The phase velocity for the TEM-mode is equal to 
c//E^. Eor finite values of t TEM-like mode starts 
propagating and as seen from Pigure 2.2 the value of p 
increases with decrease in t (for t/6>7t/2). Therefore, 
the wave becomes slower with the decrease in t. Consideration 
of expressions for y p^ for TBM-like mode (eqn. (2.3f ) ) > 
shows that the wave attentjates along the direction of 
propagation z and in the transverse direction x. This is 
similar to the surface wave on a lossy interface [ll]. 

Case II TM, TE modes : Here it is shown that both the fast 

leaky wave and slow leaky waves are possible. 

When the unperturbed structure propagates 
or mode, the corresponding wave is a fast wave. It 

has been shown in Eigure 2.2 that for 
the value of p increases with the decrease in t. But, 
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P remains less than Lq. Consideration of expressions for 
Y and or h^ for these modes given "by eq.n. (2.3f) oi" 
(2«3c) shows that for all values of t the wave is growing 
along the transverse direction and attenuating along the 
direction of propagation. Thus, the or waves 

propagating along the structure are leaky waves. If the 
conductivity and/or thickness of the imperfect plate is 
decreased to very low values slow leaky waves are obtained. 
Nature and characteristics of this type of waves is 
discussed in the next section. 

2-3 SLOW LEAKY WAVES 

A slow leaky wave is defined to he characterised 
hy phase velocity less than the velocity of light and the 
wave grows along the transverse direction. In the 
knowledge of the author** this type of wave has not been 
reported earlier. Table 2.1 gives some typical sets of 
parameters for which slow leaky waves are obtained. 


** However, Oliner has reported slow leaky space charge 
waves [ 22 ]. These are space charge waves present on 
a modulated electron beam. In contrast to slow leaky 
waves reported here slow leaky space charge waves grow 
in the longitudinal direction,. 
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TABLE 2.1 

Sets of parameters for whxch sIq-w leaky waves are obtained 


Mode 

f 

j 

^r 

b(cm) 

K 

t/5 

i 

yAq 

m 


i 

8 &Hz 




2x10"^ 

1.006 + jO.89 

o 

TE 

9 &Hz 

2.6 

1.27 

i+jio'^ 

2x10""^ 

1 

1.088 + o0,50 

51° 


9 GHz 




4x10"^ 

! 

1,015 + jO.33 

54° 

TM 

8 G-Hz 

■ 1 

2.41 

16+J16 

6x10""^ 

1.09 + o0.62 

33° 


Tatle 2.1 shows that slow leaky waves are associated 
with relatively large values of attenuation. This large 
attenuation is responsible for radiation away from endfire 
although the phase valocity is lass than c. The direction 
of maximum radiation is given by [8] 

sin = sin^/cosh t) (2.11) 

where? and ri are related to PAq and ccAq through the 
relation 

sin ?cosh h + ocos ^ sin hr) = (2.12) 

Equations (2.11) and (2.12) give for 

a sinX = 1+(| )’’ {l+(k2-)t(5l-)'} 

m Xq Xq Kq Kq Kq 


(2.13) 
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Equation (2.I3) has been used in c^’lculating given 
in Table 2.1. A relation between and c/k^ for slow 

leaky waves may be obtained, as follows. 

let the variation of the field along the structure 


be of the form 

E = (2.14) 

where y = p + (2.15) 

and h/kQ = [e^ - (yAq)^!^ (2.16) 

Substitution of eqn. (2.15) for y in eqn. (2.16) gives 

hAo = [X~0Y]^ (2.17) 

where X = - (^Aq)^ + (^Ao)^ (2.18) 

and Y = 2 </k^ PAq (2.19) 


From the behaviour of Re (EAq) (IiAq) conditions 

on PAq ^/^Qf which give surface waves, leaky waves 
and slow leaky waves; are obtained. 

i 

(1) leaky wdves? For leaky waves the condition on ^h’ is 

Re (h) > 0 (2.20a) 

3m (h) < 0 (2.20b) 

The conditions (2.20) are satisfied for X >0» i.e. 

- (PAq)* + («Ao)^ i 0 


( 2 . 21 ) 
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Surface Waves : The conditions on *h* are 

Re (h) < 0 (2.22a) 

In (h) >0 (2.22b) 

The conditions for surface waves are satisfied for 
2 <0, i.e. 

- (PAq)^ + (ctAo^^ ^ ® (2.23) 

or radiation in free space is unity. Therefore, 
the conditions for leaky waves and surface waves become 

1 + (aAo^^ "L (PAq)^ (Leaky wave) (2.24a) 

1 + (a/k^)® < (p/kQ)® (Surface wave) (2.24b) 

Equations (2.24) show that the curve defined by 

(PAq)* - l+(aAo)^ (2.25) 

separates the leaky wave region from the surface wave 
region, Bqn, (2.25) is the equation of a hyperbola. It 
has been plotted in Figure 2,8, Svirface wave and leaky 
wave regions have been marked in it. The portion of the 
leaky wave region with PAq where the phase velocity 

IS less than the velocity of light, is the region for 
slow leaky waves. 

Radiation characteristics of slow leaky waves is 
different from fast leaky waves. It is discussed m 
'^bapter 4, 
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OHAPTEfi 5 

AmmJATIOIT. CHARA0TERISTI03 

In the lafft chapter the expression for the 
propagation constant was obtained by finding the roots 
of the dispersion relation. However, In some cases it may 
not be necessary to solve the dispersion relation. Instead, 
the effect of thickness and conductivity on attenuation 
may be taken into account by considering the input imped- 
ance of the imperfect plate. This is achieved by using 
transverse resonance technique. The results for attenuation 
obtained in this chapter are valid when the phase constant 
IS almost equal to the unperturbed value. This condition 
IS satisfied when sheet resistance l/crt is much less than 
free space impedance i.e. ot »l/1207i. It will be shown 
that the attenuation is minimum for a thickness t such that 
t/6=n:/2. Propagation near cut-off has also been discussed. 

3.1 PROPAGATION CONSTANT USING TRMSVERSE 
RESONANCE TECHNIQUE 

In this method analysis is carried out in terms 
of the propagation in the transverse direction. Matching 
the impedances transverse to the interface (x*0) yields the 
dispersion relation which is solved for the propagatioh 
constant. The effect of the thickness t of the imperfect 
plate IS taken into account by considering it as a 
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transmission line of length t. For the range of values of 
a and t, which are useful in the design of a leaky wave 
antenna, the attenuation given by eqns. (2.9 ) and (2.10 ) 
may be replaced by a very simple expression. This simpli- 
fication will permit us to analytically predict the beam- 
width of antenna. The complete analysis will be carried out 
for TE^^-mode only 

Pigure shows the transmission line representation 
of the waveguide structure shown in Pig. 2.1. 

^^t — 


xi=-b x=0 x=t 

Pig, 3.1 Transmission line representation 
of the structure in Pig. 2.1 


Here is the x-directed wave impedance for the incident 
wave, Zj^ is the intrinsic impedance of metal and Z^ is the 
wave impedance for the transmitted wave. Equating the 
impedances at the interface defined by xa=0 the following 
relation is obtained 


0 


(3.1) 
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wliery Z is the impedance of the wave as seen in the 
4-x direction and Z^^ is the impedance in ~x direction. 
Both Z and Z^^ are evaluated at the interface x=:0. From 


the 

transmission line theory 

^in obtained as 



7 . 

_ „ ten 

(hgt) 

(3.2) 


xn 

m tan 


■with 

'^2 = 

(l+a)/6 


(3.3) 

and 

II 

(i-o) \ 


(3.4) 


Rg IS the sheet resistance or skin depth resistance of 
metal plate. It is given hy l/o6. Also, impedance Z is 
given by 

Z = tan (h^b) (3.5) 

Using eqn. (3*5) for Z, eq.n. (3»l) becomes 

jZ^ tan (h 3 _b) = Z^^ (3.6) 

¥hen the wave impedances are substituted in terms of 

transverse propagation constants for TEM-like, TM or TB- 

mode, eqn. (3*6) gives the corresponding dispersion 

relation. For -mode 

210 


~ 

(3.7a) 

Zjjj « 0) 1^0 Ag 

(3.7b) 

and Zfjn ® <0 tiQ/hj 

(3.7c) 

Using eqns.(3.7) and substituting eq.n. 

(3.2) for in 
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eqn.(3«6) yields the dispersion relation (2.5a), !Eliis 
dispersion relation will "be solved in the next section for 
the case when change m phase constant is negligible. 

3.1.1 Simplified expression for attenuation constant 

Substituting the expression for (eqn. (3.7a) ), 
eqn.{3.6) becomes 

0 (oPq tan (h^b) - (3-8) 

Using eqn. (lA) for h^ and eq.n. (2A) for tan (h^b) 

(from Appendix A), the expression for ^y/'k.Q for TB-node 
IS obtained as 



= 3 


in 

ZqHH 




1 

7 0^0 


(3.9) 


where is the free space impedance. Similarly expressions 
for ^y/^Q for TM-mode and TEM-like mode are obtained as 


6y _ , ^in ^r 1 

Xr “ VT V hr 

^0 ^0 * 0 “ 7 o /^0 


(OM-mode ) 


6y ^^in 1 

kj- = ^37^ 


(TEM-like mode) 


(3.10) 

(3.11) 


Note that the value of ^yAq TEM-like mode is not 

half of 6 yAo TM-mode because the value of b is different 

in the two cases. Also, 


-|^ = s^+ J f- 

kQ Kq Kq 


(3.12) 
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Therefore, expressions for attenuation constant are 
obtained as 


^ « |ejLmL(-S^)^ 1 (TE-mode) 




and 


"0 “0 "" 0 “ 
“ Ee(Z_) e. 


- — = 7 - 7 ^ - (TM-like mode) 

Xq KqD Iq/^q 


(3.13) 

(3.14) 

(3*15) 


The above expressions for attenuation agree with those 
given in [ 1 ] except that the quantity takes into 

account the effect of thickness also< The above expressions 
indicate that the attenuation is proportional to Re (2^^^)* 

In order to see the effect of thickness on attenuation 
the behaviour of with respect to t is discussed next. 

Equation (3* 2) for Z shows that Z is a function 

in in 

of thickness t, impedances and Zg,, and transverse wave 
number h 2 in metal. If under certain conditions Z ^^ 
becomes independent of the mode propagating in the wave- 
guide the same expression for Z^^ can be used in all the 
three expressions for aAo* only qmntity in Z^^ 

which depends on the mode propagating in the waveguide 
IS Zj. Zjjj and are almost independent of the modes as 
can be seen from eqns. (3»4) and (3«3)« 
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For good conductors { « | ^| • For 

n 

example, the value of|Z^|for copper ( 0=5. 87x10' mho /m) 
at 8 GHz IS 0.023 ohm while the value of may he 
greater than 100 ohms. Assioming t is large so that 
I Zjjtan (hgt) [ » |\I » eqn. (3.2) for may he 
simplified as 

^in = ^ \ 

this expression tor Z^ is independent of the mode 
nropagating in the structure. 

When t approaches infinity tan {la.2^) approaches 0^ 
Therefore Z ^^^ tends to Z^ and He (Z^) tends to R^. 

this limit eqne.(3.15) to (3»15) for the attenuation 
constant become 


a 


n% 

^ 1 

(TE-mode) 

(5.17) 

OL 

R 

e 

1 



'^0 

^0 

^ . 

0 

0 

(TM-mode) 

(3.16) 

a 



1 



^0 

2^0 


0 

0 

(TM-like mode) 

(3.19) 


These expressions agree with those in [lj» Now that the 
expressions for attenuation as a function of thickness 
have been obtained, the behaviour of attenuation curve 
(Fig. 2. 3) is discussed in the following section. 
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3*1*2 Optimiua thickness of the im-p^^rfect plate 

In Section 3»1«1 simplified expressions for the 
attenuation constant were obtained. In this section 
optimum thickness of the conductor, which gives rise to 
minimum attenuation is obtained. Moreover, the shape of 
the attenuation curve (Pig. 2. 3) is also explained. 

It has been observed in the last section that 
attenuation is directly proportional to E, the resistive 
part of Hence, optimisation of R with respect to 

t will give the optimum thickness of the conductor* 

The optimum thickness occurs for a value of t 
such that eqn. (3.16) may be used for This 

approximation is consistent with the end results as can be 
seen later (eqn. 3.21). Optimisation of real part of eqn* 
(3*16) shows that it is minimum for t given by 


Re (hgt) = n/2 

( 3 . 20 ) 

or t/6 a 11/2 

( 3 . 21 ) 


The imperfect plate with a thickness t specified by eqn. 
( 3 . 21 ) corresponds to a quarter wave line. Hence, minimum 
attenuation due to metal takes place when it is quarter 
wave in thickness* This result is verified from Pigs. 

2,3t 2.5 and 2.7. A similar behaviour has also been 
reported for microstrip lines* Horton et al* [ 23 ] have 
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shown that for microstrip minimnni attenuation is 
obtained when the thickness of the strip is such that 
it IS about twice the skin depth. 

The percentage decrease in losses for thickness 
given by eqn. (5* 21) may be obtained by calculating R 
for t equal to %J2 times the skin depth and for infinite 
thickness. The values of R are obtained as 

R « 0.91 Rg (at t/6=7t/2) (5-22) 

and R R„ (as t/6 ^oo) (3.23) 

It IS obvioxis from above equations that the maxim\im 
decrease in R obtained is about 9 percent. The correspond- 
ing decrease in attenuation will also be about 9 percent. 
This compares very well with a decrease of about 10 percent 
obtained by Horton et al*[23] for microstrip. The decrease 
in the value of R or for t/6=it/2 will give rise to an 
increase in the value of reflection coefficient R‘. R* 
may be obtained from 


R» 




where is the wave impedance for the incident wave at 
the interface. 


The above analysis for the optimum thickness of 


metals shows that the reflectivity is maximum and conductor 
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lOBses IS minimum for a tiiiclmees t such that t/6»'n/2» 

These results can be utilized in increasing the reflecti- 
vity of metal sheets. Also, the Q of a metal cavity can 
be increased by about 9 percent. It is seen that 
increasing the number of layers of metal separated by 
layers of dielectric do not improve the reflectivity or 
decrease the conductor losses by more than 9 percent as 
reported here. 

3.1.r Effect of variation of thickness t on attenuation 

Since attenuation is proportional to the resistive 
part of ^in (Re(Zj^)), the behaviour of attenuation curves 
with t, obtained earlier and shown in Pigs. 2.3f 2.5 and 

t 

2.7 can be explained on the basis of behaviour of Re (Z^^) * 
Pigure 3*2 shows the plot of Re(Z^) as a function of t* 
Consider eqn. (3»2) for Z^* When the thickness is very 
large tan (hgt) approaches j and the attenuation becomes 
constant with the increase in t* This region extends for 
t/6 > 3» When the value of t is decreased, R passes 
throu^ the optimum thickness region. For t/6 -4 0.4» 
tan (hgt) may be approximated by hgt and R becomes equal 
to 1/ct which is equal to the d.o resistance of the metal 
sheet. The curve deviates from this inverse law behaviour 
when t is so small that the assumption} ) « | Zj tan(h 2 t){ 
is no longer valid. Por very small values of t 
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such, that I tanChgt) j « | R is equal to jZj|, This 

defines the upper limit on the value of All these 
regions are shown in Pig. 5* 2 » The attenuation curves for 
all the modes show this type of behavio\ir. 

It IS shown later in Chapter 4 that for TLA the 
region of interest of Re (2^^) curve is that given hy 
Re The expression for attenuation for 

TE^Q-mode, eqn. (3»13)» m this region may be written as 



(3.24) 


The value of attenuation given by above expression has 
been compared in Fig, 3* 3 with the exact numerical value. The 
set of parameters selected is e^=2.6, f^gC-Hz, o‘=10 mho/m 
and t/6=0.038 and b varies from 1.05 cm to 1,3 cm. The 
agreement is seen to be very good. Therefore# eqn. (3»24) 
for the attenuation constant may be used to calculate the 
beamwidth of TLA. 


Next# the effect of losses in dielectric on the 
attenuation is considered. 


3.2 ATTENUATIOIT DUB TO IMPERFECT DTELEnTRTC 

Losses in the dielectric may be taken into account 
by substituting ^^,+36 ’ for in the analyses for perfect 




o(/k 



Fig. 3. 3 Ownparison of obtained from the simplified 

expression and the exact pimerical value 
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dielectric. Here, e’ is the loss tangent of the dielectric. 
The first order effect of losses in the dielectric may he 
obtained hy expanding the expression for the propagation 
constant in a hionomial senes. This treatment has been 
carried out in [i]. Attenuation due to imperfect dielectric 
has been obtained as Cj. 



(3.25) 


Since this analysis [-J assumes a perfect conductor the 
coupling term between the dielectric loss and the 
conductor loss a does not exist. It is shown below that 
the coupling term produces a second order effect in attenuatio. 


Hue to losses in the dielectric the expression for 
hi/ko# eqn. (lA) , is modified to 

for TB ^ and OM modes* 
no no 



nil ^Qb r-YO 


0 


n% 


u 


■0 




^0 


i je’J 


(3.26) 


for TBM-like mode: 





+ 36 ’]* 


(3.27) 


Carrying out the analysis for attenuation in the same way 
as has been done in Section 3.1.1# expressions for the 
^attenuation constant for the modes discussed are obtained as. 
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“ ^0 (V'* ToAo r'o'Ao ■ 2V^ Vo^o 

(TE-mode) (5.28) 

JL \ \ £» Eg e» 

^0 ^0 ^0^ YqTEq Tq/^o ^^0 V'q7Eq 

(TM-mode) (3.29) 

a Eg 1 , ® \ ^ ^ ’ 

^ "220 ^ I'O^O * * ~ ^ ^ Vq/^o 

(OPBM-like mode) (3.30) 

It IS seen from above expressions that total attenuation 
consists of three terns. These are due to conductor loss, 
dielectric loss and the coupling term between the conductor 
loss and the dielectric loss. The loss term due to the 
dielectric is the same for all the modes and is equal to 
that given in eqn. (3*25). The coupling term is different 
in the three cases. Also, it is proportional to the sheet 
resistance Eg and the loss tangent e'. Since the coupling 
term is proportional to the product of two small quantitites 
E_ and e’, it gives rise to only a second order effect in 

o 


attenuation 
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3.3 ATTENUATIQ]^ NEAR CUT-OFF 

Eor a waveg-uide wxth perfectly conducting plates 
the cut-off point is deternined hy the relation Yq/ICq^O. 
Consequently, the attenuation at cut-off, given by eqns. 
( 3 . 17 ) to ( 3 . 19 ) » should reach infinity. But, in practice 
the attenuation does not reach infinity at cut-off due to 
finite conductivity of the waveguide material [24j* 

Southworth [24] has shown that for frequencies immediately 
near cut'-off the a.ttenuation increases first rapidly (with 
decrease in frequency) but later more slowly approaching 
n/b nepers per meter for mode in a parallel plate 

waveguide. Moreover, a kind of 'cut-off* occurs at which 
phase constant and attenioation constant have the same value 
[ 24 ]. The critical frequency f » at which this 'cut-off 

v.* r 

occurs is lower than the cut-off frequency f for a perfectly 

c 

conducting waveguide. These results were obtained for 
copper waveguide with infinite thickness. The effect of 
finite thickness of imperfect conductor on the propagation 
near cut-off is discussed here. 

Equations (2.9) and (2.10) obtained earlier do not 
hold near cut-off. Moreover, it is not possible to predict 
even qualitatively the propagation near cut-off using 
these equations. Therefore, simple expressions for phase 
constant and attenuation constant in terms of sxirface 
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resistance and svirface reactance of imperfect plate are 
derived here. These are then used to obtain qiaalitative 
information about the behaviour of and near cut-off. 

Consider eqn» (2.3a) for h^^. It gives 

yAq = [e^ - (h3_/kQ)23^ (3.31) 

lor a perfect conductor h^=7t/b, For an imperfect conductor, 
let h.2==%/h + A h. Substituting this expression for h^ m 
eqn.(3»3l) and neglecting the term containing ( Ah)^ gives 





Ah 

kT” 


(3*32) 


The expression for A h is obtained by comparing the relation 
h^ = Tt/b +Ah and eqn. (la A) (Appendix A) for k^/kQ* It gives 


A h 


% 


l2_ A'l 


Using eqn. (3*9) for SyAn above equation yields 


(3.33) 



C3.34) 


Substitute the above expression for Aii/kQ in eqn. (3*32). 
It gives 









(3.35) 
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Writing Z^= R -jZ, eqn. (3*'^^) nay "be put in the forn 







(3.36) 

Separating the real and iinaginary parts of eqn. (5*36) 
yields, 


^ =-^ [(A^ + B = + A] ^ 

^0 /2 


(3.37) 


and 



“ '^0 


(3.38) 


where A = e_ 

T 



)’ + 2 




(3.39) 


and 


B 




W -K / 


(3.40) 


Note that the above expression for a/k^ is the sane as 
given in eqn. (3.13). For large thicknesses (t> 46) » 

R = X = 1/06 and the expressions for and aA^, eqns. 

(3*38) and (3.37)» reduce to the corresponding expressions 
given in [24-25]. Behavioiu? of P/k^ and a/kQ near cut-off 
is discussed next /Said is verified for mode by using 

the numerical solution of eqn. (2.5a). 


Position of cut-off 

Prom eqns.(3.37) and (3*38) we see that Wt- off’, the 
nosition at which p/kQ and a/kQ have equal v^lueipij pccurp. _ ' 

4 j t } o ^ 


CEMT'^A* 


418^4 f 

Ac* No £ ^ I 
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when A is equal to zero, i.e. 


E 


r 



-2 


X 

TCZ, 
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(3.41) 


" ince the surface reactance X is positive for node 

R.H.S. of eqn. ( 3 , 41 ) is negative. Bor L.H.S. of above 
relation also to he negative the value of kQh should be 
less than It neans that either critical frequency 

fgp IS less than cut-off frequency f^ or critical thickness 
her less than cut-off thickness b^s= \ ^/ 2 . This point is 

verified from Figures 3*4 and 3*5 where PAq and ccAq have 
been plotted as a function of frequency near cut-off for 
TEio node. The values of PAq been obtained 

solving eqn. (2.5a) numerically , The values of parameters 
chosen are also listed in these figures. It is noted from 
these figures that the frequency f^j.# at which aAo 
PAq are equal, is less than the cut off frequency f^ for 
infinite conductivity. The value of f^^ has been obtained 
by extrapolating the curves near f . The value of f is 
Icwer than f by about 7.5 MHz at both the frequencies 

w 

considered. 

Since eqns.(3,37) and (3«36) are approximate this 
value of aAo (-PAq) only approximate. However, it 
can be seen that this value of uAq ^Aq independent 



I ni2 1118 1124 1130 

f (GHz) 

tc and a/k with frequency near 
0 '> 

2,0=1,08x10^ mho/m, t=0.5 Mm, 
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of frequency. This is also verified in Figures 5*4 and 
3 *5 which are based on exact numerical results. 

The value of and a/kQ at is (3/2)’^. The 

value of B decreases with the increase in value of o' because 
R = l/ot. For two different conductivities o^ and 02» the 
relationship between phase constants and §2 ^cr 
by eqn. (3«40) is ~ Therefore, crossover 

should occur at lower values of p/kg or a/kQ when o is 

increased. This point is verified from Figures 3*4 and 3*6. 

5 

Figure 3*4 (o=l. 08x10 nho/m) shows that the value of P/k^ 
at cross over is 0.25. For o = 1.08x10^ mho/n the value 
of PAq at cross over given by P^^/Pg “ ^^ 2 ^ obtained 

as 0.079. Figure 3*6 shows that for this value of 
conductivity the value of PAq cross over point is 0.08^ 

Thus, we see that near cut-off phase constant is 
non-zero and the attenuation constant has a finite but 
not very large value. Exact values of attenuation constant 
can be obtained numerically. 
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CHAPTER 4 

RAEIATIOH CHARACTERISTICS 


In the last two chapters the waveguiding properties 
of the structure were discussed. The propagation constants 
obtained there will now he utilized to investigate the 
radiation characteristics of the structure. Radiation 
patterns will he obtained by using the method of steepest- 
descent and the Kirchhof f-Huygens method, Beamwidth and 
efficiency of TLA are also discussed. It is shown that 
there is a position of main beam at which beamwidth is 
minimum. A very simple expression for calculating this 
position IS given. Por large values of attenuation the 
mein beam is not symmetrical about the half-power points. 

Also, antenna efficiency increases with the decrease in 
thickness and conductivity of imperfect wall. Increase 
in the value of gives rise to an increase in antenna 
efficiency. 

4.1 LEAKY WA'Vl! RAEIATIOH XJSIN& TE MOLE 

In a parallel plate waveguide with perfectly conducting 
walls, all the energy is confined within the waveguide. 

There is no power flow outside the structure. But, when 
one of the plates is imperfectly conducting and sufficiently 
thin (t « 6) a part of the power flowing inside the guide 
leaks out. This leakage of power gives rise to the 
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ladiation pattern* 

It was observed in Section 2,2 that the structure 
supports leaky waves when it is operated in or 

modes. This characteristic of the structure may be 
utilized to construct a leaky wave antenna using a 

or IE mode. However, it is difficult to construct 
no no ’ 

a leaky wave antenna by exciting mode in a parallel 

plate structure since the dominant mode in a parallel plate 
waveguide is the TECI mode. This difficulty does not 
arise for TB^q mode in a rectangiiLar waveguide with one 
of the narrow walls replaced by a thin film of metal. 

The above simplification will not change the radiation 
pattern in H-plane, However, radiation pattern in E-plane 
will be affected. 

For a leaky wave antenna the radiation properties 
of the antenna depends on its propagation constant and 
length [ 8 ]. For small attenuations the position of 
maximum radiation is governed by the phase constant. 
Attenuation constant controls the beamwidth and the 
efficiency of antenna. 

The radiation pattern of the structure utilizing 
TE^q mode is discussed next. 
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4.2 RADIATION PATTERN OP THE STRUCT1DRE 

There are two different methods to obtain the 
theoretical radiation pattern of a leaky wave antenna. 

These are the method of steepest-descent [ll] and the 
Kir chhoff -Huy gens method, Steepest-descent method is 
useful for the radiation pattern of an infinitely long 
antenna. This method involves the solution of inhomogeneous 
wave equation using Fourier transform and contour integ- 
ration. The integration is carried out by using the 
method of steepest-descent. This method has been discussed 
3n detail by Tamir and Oliner [l2]. This technique has 
been used by Gupta et al, [l3] also. 

In practice, it is not possible to construct an 
antenna with infinite length. However, because of the 
continuous leakage of power, as the wave propagates towards 
the other end of the antenna, the power left in the wave 
after a certain length of antenna becomes negligible and 
the effect of reflected wave may be neglected. Therefore, 
an infinite length antenna may be approximated in practice 
by an antenna of suitable finite length. The main advantage 
of the steepest descent method is that the radiation pattern 
may be obtained without solving the dispersion relation. 
Thus, it IS of considerable help in the initial study of 
the leaky wave antennas. 
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4# 2,1 Radiation TSattern by steepest-des cent metho d 

In order to excite the mode in the waveguide, 

a distriDution of electric line sources having the ampli- 
tude variation sin (Ttx/h) and directed along the y-axis 
IS ass-umed to he located at z=0, -h <x ^0. It is shown in 
Figure 4.1. Ihese line sources are assumed to he uniform 
in the y direction so that the field produced hy them is 
invariant with respect to y. Since, the structure is 
infinite in the y direction the field excited hy this line 
source distribution has only the components E^., and 

The solution for the radiation field is found 
hy solving the following inhomogeneous wave equation 
for B 

? p 

( V e p)Ey(x,z) = om sin (Wb)6(z) (4.1) 

First, the solution for the Green’s function 
G(x,x’ ,z) Will he obtained. Green's function G is 
defined as the solution of eqn, (4.1) with a single line 
source of unit amplitude 6(x-x*)6(z). Fourier transform 
of eqn, (4.1) with a single line source of unit amplitude 
gives 

3^ - p p 

( — - 6(x-x') 


( 4 . 2 ) 








Line source 


z: 


z 


_Gonducting 
plane (cr--,^oo) 


Fici . ' .4>1 : Parallel^ plate confippration with , line;, sonrce. 

...vti . It; .... .Z vZv . ■•'■■ ' “■ 

distribution 
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■where 


'Kx’ ,x,p) 


OD 

/ G(x\x,z)e“^^^ dz 

-CO 


(4.3) 


Choosing a sui-tablo form for \{»(x',x,i>) in the 
different regions of tne structure, and matching the 
fields at the boundaries, an expression for \f/is obtained. 
Taking the inverse Fourier transform, it is found that, 

P 1 0 

in the region defined by x >t, G is given by l_fj 


G = 


wlJ-o 

— ^ 

-00 


moSin(mpX^ „ 

_2 LI — i_ gjpz 

cos(mj^b ) cos(m2’t)[iii^( tan(m2't)-m2) 


(4.4^ 


+ m 2 tan (m^b)(3m^+n2 tan(m 2 t))] 


where m^^, m 2 and m^, in the different regions, 

as follows: 

are given 

m^ = -P +kQ ey 

(4.5a) 

m| = -p^+kQ K 

(4.5b) 

and m^ = -p^+k® 

{4.5c) 


The steepest-descent method is customarily employed 
to solve the integrals of the type occuring in eqn,(4,4). 

In the present context, this method yields an asymptotic 
solution for the far-fleld. Following the usual method 
of evaluation [12], and using the transformation 
x-t s: r cos ^,z=sr sin one obtains 
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G(r,©,x' 

( STtkQr)^ 


(4.16) 


where (©-)=m^ sin (m^x’ ) ICqCos Q 

f(») " 

ond f(©)— cos(inj^x' ) cos(m^t} [m£(oEi^ tan(in|t)-n^) 


(4.17) 


+ m '2 ■tan(m£x' ) (jn^+n^ tan(n^t))] 


(4.18) 


In eqns. (4.17) and ( 4 . 18) the expressions for 
and are 


mj_ = kQ ( e ^-sin®©)"^ 
= kQ (E-sin*©)"^ 
and = kQ (l-sin^^)"^ 


( 4 . 19 a) 

(4.18h^ 

(4.19g) 


1 

The power radiation pattern given hy | I'^(©)| , for a 
line source located at x'^h/Z, is shown in Figure 4.2, 


To determine the radiation pattern due to the 
distribution of line sources given by sin (irx/b), the 
principle of superposition is used and yields 

b 

E (r,9) = / G(r,©,x*) sin('n:x’/'b)dx* (4.20) 

^ 0 


Substituting G from eqn, (4.16) and carrying out the 
integration gives, 
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(4.21) 


where the pattern function ^2^^) given by 

sin(mj^b)ni^ cos© 


?,;,( 0 ) 


% -(m-,*b)' 


f(©) 


( 4 . 22 ) 


It IS found that the factor [sin (m^b)/(Tt^-(mj^b)^ )] is 

a slowly varying function ol 0. Therefore, the radiation 

pattern is governed principally by the other term cos ©/f(©). 

The power radiation pattern obtained numerically by plotting 
2 

[ I'2 (©)| IS shown in Pigure 4.2. The third curve in this 
■^igure IS from the Kir chhoff-Huy gens method which is 
discussed in the next section. It is observed from this 
figure that the radiation pattern for a single line source 
and that due to a distribution of line sources, agree 
except for the amplitude near the broadside position. 

In both the cases the half power beamwidth is 6°, 


Position of the peak in the radiation -pattern 

The maxima in the radiation pattern will occur for 
those values of 0 for which f(9) in ec^ns, (4.17) or 
(4.22) IS minim'um. This minimim can be found numerically. 
However, an expression for the position of the peak may 
also be derived for a special case when the metal film is 
several skin depths thick. Under this condition, tan (m^t) 
approaches j and f (©) is minimum for 



Steepest-desccnt rfethod 
(single hne source? 
bea m width = 6° ) 

Steepest -descent method 
(distribution of line sources^ 
beam width = 6*^ ) 

Kirchhoff - Huvgens method 
(beamwidth = 5° ) 


‘\ 

\\ 
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sin (4.23) 

!I?hcrefore, the position of the peak is given hy 

= sin~^ [e^-.( x/2h)^l^ (4.24) 

The steepest-descent method discussed above cannot 
be used when the antenna has a finite length. The Kirchhoff- 
Huygens approach, on the other hand, allows one to study 
the effect of the antenna length also. It is discussed 
in the following section, 

4.2,2 Radiation field using Kirchhoff-Huvgens method 

In this method the actual source of power is 
disregarded and a leaky wave distribution over the entire 
antenna aperture is assumed. The far field is found by a 
Kir chhoff-Huy gens integration over the aperture [8], The 
expression for the radiation pattern for an antenna of infinite 
length IS given by [B] 

p(Q) ^ (4.25) 

1^1 

and the radiation pattern for an antenna of finite length 
IS obtained as [3] 

F(Q) = cos^(Q) I ^ (4,26) 

where x s= (sin 0 -t/Kq). 
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1/ 18 the length of the antenna along z-directxon and 
0 IS the angle of radiation measiired from x-axis. 

The radiation pattern obtained hy using eqn. 

( 4 . 25 ) IS compared with the radiation pattern given hy 
stecpest-descent method. It is shown in Figure 4.2. It 
IS to he noted that the agreement is quite good near the 
peak and on the end fire side of the peak. The heamwidth, 
obtained hy using Eirchhoff-Huygens technique, is 5^* 
Steepest-descent method gives a heamwidth of 6°, 

4.2,2» Radiation charactoristics of slow leaky waves 

It has been pointed out in section 2,3 that slow 
leaky waves are obtained when the thickness of imperfect 
plate IS very small. This section deals with the radiation 
characteristics of these waves. 

Slow leaky waves are associated with large values of 
attenuation a/kQ. This large value of a/kg is responsible 
for radiation away from end fire althou^ the value of 
p IS greater than kQ. Figure 4.3 shows the radiation pattern 
due to a slow leaky wave. Equation (4.26) has been used 
121 calculating the radiation pattern, Note that the peak 
is obtained at an angle of 33°. Moreover, there are no 
sidelobes in the radiation pattern for the finite length 
of antenna. It is also due to large values of a/kQ, 
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Pig. 4.3 Radiation pattern for a slw leaky wave antenna 
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4.2,4 MultiDle beams 

Multiple beamB will be obtained in the radiation 
pattern whenever more than one mode of propagation 
contribute to the radiation pattern. It is shown that 
multiple beams are obtained for air dielectric ( Ej,= 1} 
while e^=2,6 gives rise to only a single beam. 

When attenuation is not large the position of main 
beam 0^^ is given by 

sin 0^ = p/kQ (4.27) 

It IS further assumed here that the change in phase constant 
6p due to non-zero surface impedance is negligible. Under 
the above assumptions the position of beam 0^ ^ for TLA 
IS given by 

2 J 

Sin Ojj^^n = X /2b) ]* (4.28) 

Here, ^ corresponds to the position of beam contributed 
by the TB^ q mode propagating in the structure. Large 
values of n give rise to beams located towards the broadside 
of the main beam. The number of beams U in the radiation 
region defined by ©^ and ©g ( > can be obtained by using 
eqn, (4.28). It is given by 

N = Integer /e ^-sin®©^] -Integer [-—s/e ^-sinOg ] (4.29) 

X ^ 
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where Integer [x] stands for the highest integer x. 
Relation ( 4 * 29 ) is valid for values of x/2'b such that 

®m,l <‘^2 

Por !3.nd 02 = 90 ° the numher of heams, given 

by eqn, ( 4 . 29 ), is 

H = Integer ^j-Integer (4*50) 

X ^ X ^ 

Above relation shows that IT increases with the increase 
in the value of 2b/x and decrease in the value of ( e^-i). 
The range of values of x/2b for leaky waves is given by 

ye^-l < X /2b <N/e^ (4*51) 

Por Sy=l, lT=Integer (2b/ a) and the value of 2b/x can be 
made as large as possible and still satisfying eqn. (4*28) 
for leaky waves. Therefore, the number of beams for air 
dielectric is very large. Por e > 1, second term in 
eqn, (4.30) is non-zero and the maximum value of 2b/x 
IS equal to l/ \/* : ^-1 which is not a large quantity. 
Therefore, the number of beams for ^^>1 is not very large. 

Let us calculate the number of beams in the range 
* 10° and 02=70°. Purther, let x/2b«0,2. Por c ^=i, 
eqn, (4.29) gives the value of H equal to 3. These beams 
are located at 66°, 53° and 37*^. 5'or 6^=2. 6, only a 
single beam is obtained. 
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4.5 BEAMWIDTH OF 'SJA 

Half-power beanwidth (HPBW) of an antenna is 
given in degrees by the difference between the half-power 
points located on either side of the nain bean. Beamwidth 
of an antenna can be calculated from the radiation pattern. 
Alternatively, one can obtain an expression for the beam- 
width from the expression giving the radiation pattern. It 
will be shown in Chapter 6 that one of the advantages of 
TEA IS that it has low attenuation constant so that a long 
antenna can be used. Therefore, the beamwidth for an 
infinitely long antenna will be discussed. Equation (4.25) 
for the radiation pattern is used here to obtain the expression 
for HPB¥. 

The amplitude of power in the direction of maximum 
radiation (0^^ is specified by sin (©j^)=p/kQ) is given by 

P(©^) * cos^Oj^)/(a/kQ)^(i?oLA/ (4.32) 

At the half-power point, let Equation (4.25) at the 

half-power point becomes 

E(0^) = cos* (Qj)/ jxj* (4.33) 

where x = (sin 0^-sin -ja/kQ) kd/z (4,34) 

Also, 
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Therefore, 


cos^Oi cos*e^ / (a/kQ)"(^’.L/2) 


COB ©, 


or 


sin O^-Bin ©j^-oa/k^l 


1 cos 

= *2- S. 


(a/krv)' 


(4.35) 

(4.36) 


Expand sin ©^ and cos ©^ in a Taylor's series about 0^ and 

retain only the first two terns. The higher order terns 

(©, -© )^, sin^©„ and cos^© have been neglected because 

(©T-0_), sin © and cos © are fractions. Under the above 
1 n' ' n n 

assumption, the expansion gives 


sin ©^ = sin ®n (4.37) 

cos ©^ = cos ©j^ - (Qp-Oj^) sin ©^ (4.38) 

Because of the approximation used in above eq.xiations the 
expression for beanwidth will also be an approximate cne. 
The expression for beamwidth is obtained for two different 
degrees of approximations. 


Case I Very sham peak (© j ^ s!©^ ^ ) 

When the peak is very sharp and ^ %/ 2 f ©^ 
approaches ©^ and cos ©^ may be approximated by cos ©^, 
This approximation in eqn, (4.36) gives 


(sin ©^ - sin 0^^)“^ + (a/kQ)^ = 2 (a/kQ)* (4,39) 

Replacing sin expression given in eqn, (4.37) 

one obtains. 
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O^-Q 

1 n 


therefore, 


a/k^ 

cos(e^) 


^^^(degrees )=2 jO^-Qj.^j = 2 


*^/kQ 

coiT^)* 


180 

It 


(4.40) 


(4.41) 


Equation (4*4l) shows that for very sharp peaks 
increases linearly with increase in a/kg, ^he above 
expression for is valid for infinitely long antenna 
with low attenuation so that 0^-0 is snail and the 
expansions, eqns (4.37) and (4.38), are justified, ^-elation 
(4.4l) does not hold for near 7t/2, 

4.3.1 %ape of the peak near half-power points 


Equation (4,40) nay be written in the fom 

®1 ~ ®n — cos(0 ) 

la 


(4.42) 


^he above equation shows that the two half-power 
points are situated equally spaced on either side of the 
nain peak. ®his means that the shape of the peak, near 
half-power points, is synnetrical about its position. It 
is shown later in this section that for larger when the 
assumption for very sharp peaks is not valid, the peak is 
not synmetrical about its position. 


^ ase II ^hen the peak is not very sharp or near broadside 
so that cos Q g ^acos 0^ is not valid 
Using eqns, (4.37) and (4.58) for sin and cos ©^ 
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respectively in eqn. ( 4 , 36 ) gives 

-B+(b2-4AC)^ 


«,-0 

1 m 


2A 


where A * 2 sin^0^ (a/k^)^ -cob^0j^ 

B =-2 sin (20^) (a/k^)^ 
and C = cos*0j^ (a/kQ)^ 

Equation ( 4 . 43 ) is valid for A<0, i.e. 


{ 4 . 43 ) 


a/k < -i— cQs^ 0 |a 
^ /2 sin 0^ 

Note that when a/kQ is very small such that 2 sin* 0 j^(a/k^) 
cos^0j^ and B=0, eqn. ( 4 , 43 ) reduces to eqn. (4«40) for 
sharp peaks. 


Equation ( 4 . 45 ) may he written in the form 

-b+(bMac)^ 

““ “ 2A. ( 4 •44) 

Denoting the two half-power points by 0j^ and 0^ eqn* ( 4 . -^4) 
gives for 0^ and 0^ 




m 

(4.45) 



= « -©»• 

ra 

(4,46) 

where 

6 ' 

-B+(B®-4AC)'^ 

2A 

(4,47) 

and 

0 ‘«' 

b+CbMac)"^ 

2A 

(4.48) 


Since 0’ is not equal to 0” the half-power points are 
nn-h pmndiqtAnt from 0 and the neak is not avmnetrical 
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near the half-powei* points. This is shown in Figure 
4»4-> However, when B approaches zero, ©' approaches 6 ” 
and the peak becomes symmetrical. 

Beamwidth is obtained by evaluating 
It is given by 

B¥(degrees) = ( 4 , 49 ) 

Ai TC 

The effect of antenna parameters on the beamwidth 
of an infinitely long TLA has been considered in the 
following section. 


4. 3*2 Effect of variation of antenna -parameters on B¥ of TLA 


B¥ of an infinitely long antenna with sharp peaks 
IS given by eqn« ( 4 , 42 ). This relation will be used here 
to calculate the B¥ of TLA. The value of TLA 

operated in TE^q mode can be obtained from eq.n. (3*15) • 

The value of is given by the corresponding value of 
PAq* radiate sufficient power the value of 

ty 6 should be much less than unity. This can be seen from 
antenna efficiency curves plotted in Figures 4*7 to 4.9. 
For these values of t/ 6 ,Re(z^)= 1/ at and the expression 
for ocAq ^®10 (eqn. ('3*13) ) becomes 


« 1 

>^0 


1 


1 


o/^O 


(4.50) 



Relativ 
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0 ( Degrees ) 


Pig. 4. 4 Shape of the main beam near half-pcwer points 
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Substituting eqn. (4«50) for «/kQ in eqn* (4*42), one 
obtains 


B¥ = 


7C' 


z 


0 YqAo cos Q. 


(4.51) 


m 


Equation (4*51) may be written in terms of ICQb by using 
eqn. (2.8 ). it gives 


BW = 


2 It- JL 1 1 

^0 y yi-c^+UAot)* 


m 


(4.52) 

Alternatively* one may write eqn. (4.51) m terms of 
by using YqAq^s^-u 6^. One obtains 

, (e -ein*e„)^A 


BW 


1 - 

^0 


-JtCTt 


r "m ' 

“sin "(2 


(4.55) 


Eor e^=l, the expression for BW becomes 


BW 


= -2_ 
Zq 


itcrt 


COS^Q; 
Sin 0, 


m 


(4.54) 


m 


BW given by this expression has been compared in Figure 

4.5 with the BW obtained from radiation patterns for o^lO^ mho/m 

and t*0.46 pm* The agreement between the two values is seen 


to be very good. 


4 . 5.3 Position of -peak (0^^) for ^optimum BW 

To evaluate the effect of and e_ on BW, eqn. (4-53) 
should be plotted as a function of with 6^, as a parameter. 


( 



Beamwidth (Degrees) 



Orn (Degrees) 


Fiq.4,5 Variation of beamwidth with beam position 9 
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The effect of X and b xs also included here sxnce 0^^ 
depends on these quantities through sin X/2b ) ® . 

It IS seen that when eqn. ( 4 . 53 ) is plotted as a function 
of ©jjj a minimum occurs in BW. The position at which 

BW IS minimum can be obtained by differentiating eqn» (4»53) 
with respect to 6 ^ and equating the differential to zero. 
This gives 

Sin (for min.BW) =/ i-e^+/e =-e^+l (4-55) 

For e^=2.6, the above relation gives ©^=52° for minimum 
B¥. For e^=1.0, minimum BW occurs near 0jjj=9O°. It is 
verified from Figure 4*5 where BW obtained by using eqn. 
(4*53) IS compared with BW obtained from the radiation 
patterns. The figure shows that the position of minimum 
beamwidth shifts towards broad-on side as the value of 
dielectric constant is increased. Moreover, the range 
of within which BW is nearly constant decreases with 
the increase in the value of e . For example, for e *2.6 

X 

the position of minimum BW is 55° and the maximum range of 
©jjj within which BW does not vary by more than 1° is 22°. 

The corresponding values for e^* 2,0 are 60° and 30° 
respectively. Once the values of and for minimum 
BW are known the value of kQb required to obtain this 
value of fipj can be obtained from sin ©^^^ ='/ e^-Cii/kQb)^, 
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This analysis shows that it is very easy to predict the 
position of minim-om B¥ for TLA. For other leaky wave 
antennas it is difficalt to write the BW in a simplified 
form and therefore it is not possible to obtain the 
position of minimxim B¥ analytically. 

Effect of g and t on B¥ 

Equation (4.55) shows that BW is inversely proportional 
to o t or directly proportional to sheet resistance of metal 
film. It has been plotted in Figure 4.6 for three different 
values of a and for t/6 varying from 0.001 to 0.1. The 
shape of B¥ curve is identical to attenuation curve of 
Figure 2.5. 

It IS to be noted from eqn. (4.51) that B¥ is 
inversely proportional to (k^b)^. Therefore, any change 
in the value of k^b will have a relatively larger change 
3n BW. This point can be verified from Figure 4*5. 

For TLA with finite length the effect of length 
on BW can be taken into account by using eqn. (4.26) in 
pla.ce of eqn. (4.25). This treatment has been carried out 
by Bahl and Gupta [15]. 

4.4 AlfTEMA EFFIGIMCY r\ 

One of the important parameters of an antenna is 
its radiation efficiency. It is defined as the ratio of 
the total power radiated by it to the power fed into it» 
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Vatriation of of KA witii conductivity 

and thicknasi^ of impeirfo^t pi ate . 
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let it be denoted by t). The antenna efficiency of 
TLA IS determined in this section. 

The calculation of antenna efficiency, as defined 
above, involves the calculation of power fed into the 
antenna and the power radiated by it. These can be 
evaluated by considering the appropriate components of 
Poynting vector. The antenna efficiency will be calculated 
for mode only. 

For a waveguide with perfectly conducting walls 
operated in TE^q mode there is only one non-zero component 
of Poynting vector, P^. But, for TLA there is propagation 
in the transverse direction also. It gives rise to the 
transverse component of Poynting vector, P . This component 

■A. 

of Poynting vector contributes to the radiation field. 

For calculating the antenna efficiency of TLA 
the configuration used is shown in Figure 2.1. It is 
assumed in the analysis that all the power fed to TLA is 
either radiated in free space or dissipated in the inperfect 
plate. The power delivered at the other end is negligible. 
Therefore, power fed to TLA is equal to the power available 
at the plane x = 0. It is given by 




(4.56) 
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The power radiated cut of the structiire is given by 


h=t ' ^ ) x=t 

end antenna efficiency r) is defined as 

^ (4.58) 

■^x=t 

The expressions for E at x=0 and at x=t are 

V 

given by eq,ns (2,1a) and (2.1c) respectively. The 
expression for can be obtained by using the corresponding 
expression for E and the Maxwell’s equations. Using 

V 

eqn. (2.1 a) for E in eqn. (4.56), the relation for 

*y 

P „ becomes 
x=0 

ll ^ 

^x=0 = (1+R)(1-R*)] (4.59) 

similarly, expression for P is obtained as 

X — x 

I’x=t = i t (4.60) 

The reflection coefficient E. and the transmission 
coefficient T are obtained by applying the boundary conditions 
and continuity conditions. These are obtained as 

E = (4.61) 


and 


T * 


-JV 

4e ^ 



e 




-Jllg* 


( 4 . 62 ) 
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note that the expression for T, eqn. (4.62), is similar 
to the one obtained by Raney et al. [19] for the 
transmission of power through thin metal films at 
microwave frequencies. Expression for R, eqn. (4.61), 
reduces to that given by Raney et al [l9] if the 
dispersion relation, (2.5a ), is used to evaluate 
e ^^^1^ in terms of h^^, and t. The above relation 

for T takes into account the multiple reflections in the 
thin film. The mechanism of miatiple reflections is 
discussed in Appendix B. 

The antenna efficiency T), is obtained by substituting 
eqns (4.61) and (4.62) in eqns. (4.59) and (4.60) respect~ 
ively, Figure 4-7 shows the effect of thickness t and 
frequency f on the antenna efficiency. The effect of 
variation of conductivity a on T) is included in Figure 4.8. 
These figures show that antenna efficiency increases with 
decrease in conductivity and thickness of imperfect plate. 
Figure 4*9 shows the effect of variation of on r) (for 
fixed P/Rq). It is to be noted that efficiency is more 
for higher values of e^. The effect of dielectric thickness 
b or beam position is included in Figure 4.10. Antenna 
efficiency decreases as the mam beam scans towards end- 


fire Bide 
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t/S 


Pig. 4. 7 Variation of antenna efficiency with frequency 


and thickness 
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For metal films which are not self supporting 
a thin sheet of dielectric is needed for support. The 
effect of this dielectric sheet has not heen taken into 
iccount in calculating the antenna efficiency. 
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CHAPTER 5 

EXPERIMENTAL MEASUREMENTS ON TLA 

It has heen pointed out in Chapter 4 that a thin 
vrall leaky wave antenna can he designed by using mode 

in a rectangular waveguide. This chapter deals with the 
experimental measurements on such an antenna. The experi- 
mental results for guide wavelength, attenuation and 
radiation pattern are compared with theoretical results. 

The agreement is found to he fairly good. 

ANTEMA EABRI CATION 

The antenna is designed hy replacing one of the 
narrow walls of a rectangular waveguide hy a thin film of 
metal. It is shown in Figure 5.1. Thin film of metal acts 
as the imperfect wall. For metallic films which are not 
self-supporting, a thin sheet of dielectric is needed for 
support. The arrangement of the metal film deposited on 
a thin sheet of dielectric is shown in Figure 5.2. The 
supporting sheet protects the thin metallic film from 
outside environment also if it is held in contact with the 
waveguide in such a way that dielectric faces the outside 
environment. The dielectric support will give rise to some 
change in the propagation constant. Its thickness and 
dielectric constant should be such that the change in propa- 
gation constant introduced hy it is negligible. The effect 




yig.5,1 Thin wall Leaky waveguide Antenna (TLA) 


configuration 
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of supporting dielectric layer on the propagation constant 
IS evaluated in Appendix C. It is shown there that the 
effect of the thin supporting dielectric layer on the 
propagation constant may be ignored. 

5*1.1 Selection of metal for thin film 

It has been shown in Section 4*4 that only a 
fraction of the power fed to TLA contributes to the 
radiation pattern. The amount of power leaking out depends 
on the thickness and conductivity of the thin film. This 
leakage increases with the decrease in thickness and conduct- 
ivity of thin film. The thickness cannot be reduced below 
a certain minimum value beyond which the film becomes 
discontinuous. But a smaller value of conductivity can 
be used by choosing metals of lower conductivity. Keeping 
these considerations in mind, bismuth (Bi) has been chosen 
for the material of the film. Also, it is easier to deposit 
Bi than many other metals by means of vacuum evaporation. 

The boiling point of Bi is lower than that of most other 
metals. 

5. 1.2 Preparation of metal film and measurement 
of its parameters 

Bismuth was deposited by means of vacuuim evaporation 
on a Mylar sheet about 6 mil in thickness. Bismuth used 
was 99*9 percent pure. The parameters of the metal film 
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appear in the dispersion relation in the form of t/6. 
Therefore, the parameters of interest of the film are 
thickness t and conductivity cr, The thickness of Bi film 
was measured using the method of a-ray absorption [16]. 

The maximum error in the measurement of thickness is 
estimated to be less than 10 percent. The conductivity 
of the film was measured using the method of ’ Bour-point 
probe' and the expression [17] 

p = 4.53 t (5.1) 

where p is the resistivity of film 

I IS the current flowing in the film 
V IS the voltage difference between the inner probes. 

The measured values of t and a for the vacuum deposited Bi 
film are I3OO AU and 1.08x10^ nho/m respectively. The 
conductivity at microwave frequencies has been assumed to 
be equal to the measured d.c. value. The difference between 
the two values is negligible [I8]. Thickness and conductivity 
of the film were checked by measuring the insertion loss 
of the film [19]. 

The geometry utilized for calculating the insertion 
loss is shown in Figure 5.3* The thin film Is held between 
two flanges. Power transmitted through thin film is given 
t>y [19] . 
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Pig, 5 *31 Waveguide configuration for calculating the 
insertion loss of thin bismuth film 
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where y = 


0 


(5.2) 

(5.3) 


and Y2 = y^iT/b)^-~l5:J+j u a (5.4) 

For a metal film with cr=:l. 08x10^ mho/m and t = I3OO AU 
theoretical value of insertion loss at lOG-Hz (h=0.9 m) » 
obtained from eq_n. (5*2), is 12.3dB. Measured value of 
insertion loss is 13dB. 

5.2 MEASUREMENT OF PROPAGATION GONSTAFT 

In order to fabricate TIA using RG-52U waveguide 
(0,9” X 0,4” ) one of the narrow walls of the waveguide was 
removed. Thin film of Bi deposited on P^lar sneet was used 
as a thin wall. The photographs of rectangular waveguide 
with one of the side walls removed and the Mylar sheet with 
the coating of thin film of Bi are shown in Figure 5.4(a). 
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Mylar sheet, with the inetallsed side making electrical 
contact with the waveguide, was held in place by using 
a cellophane tape over non-radiating portions* Care was 
taken to ensure that no air gaps were left. The photo- 
graph of TLA^so obtained^ IS shown in Eigure 5.4(b). 

5.2.1 Guide Wavelength 

Guide wavelength was measured by holding the 
probe at a fixed position in the slotted section and 
moving the metallic plunger from one end of the antenna to 
the other end. Block diagram of the apparatus used is 
shown in Figure 5.5(a). The resulting standing wave pattern 
at 11 GHz is shown in Figure 5* 5(b). Measured and calculated 
values of guide wavelength at three different frequencies 
are compared in Table 5.1. 

TABLE 5.1 

Measured and calculated values of guide wavelength 


Frequency 

Meastired 

(cms) 

Calculated 

(cms) 

11 GHz 

5.291 

5.305 

10 GHz 

5.834 

3.825 

9 GHz 

4.631 

4.601 
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Pig»5»4(a) Photograph of a roctangular waveguide witli 
a narrow wall removed, and metaliaed 
Mylar sheet 



Pig. 5. 4(b) Photograph of TLA 


Slotted section 
and probe 


Pi jnqer 


Pig.5 85(a) Block diagram of experimental see tap for 
measurement of guide wavelength 



Pig, 5. 5(b) Standing wave pattern for measuring guide 
wavelength (f»ll GHz,b»0 .95'’,cr«l,08xlO^ 
mho/m, ta*0 . 13um) 
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The agreement is seen to he very good. In calculating 
the theoretical value of guide wavelength use has been 
made of the phase constant obtained in Chapter 2 . 

5 * 1*2 Attenuation 

Attenuation is measured by measuring the magnitude 
of the voltage standing-wave ratio (VSWR) of TLA terminated 
in a short circuit. The value of a is obtained from the 
relation 

"t 4 

tan h (al) = (5.5) 

Equation ( 5 » 5 ) IS valid for a perfect impedance match between 
the component to be measured and the standing wave device. 
Attenuation has also been calculated from the measurement 
of insertion loss. Measured values of attenuation are 
compared with the calculated values in Table 5.2. 

TABLE 5.2 


Measured and calculated values of attenuation 


Frequency 

Measured a(dB/cm) 

Calculated 

a(aB/cn) 

From VSWR 

From insertion 

lose 

11 GHz 

0.31 

0.37 

0.25 

10 GHz 

0.41 

0.44 

0,30 

9 GHz 

0.48 

0.55 

0.39 
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11: IS seen that measured values are of the same order 
of magnitude as the calculated ones* Also, the former 
are higher than the latter. The discrepancy may be due 
to the following reasons: 

(i) TLA is not perfectly matched to the slotted section. 

\/'SWR of TLA terminated in a matched load is given in 
Table 5.3. 

(ii) Bismuth film has been pressed against the waveguide 
walls by means of cellophane tape. The area of contact of 
the film with the waveguide walls is small due to rounding 
off of the waveguide edges. The thickness of waveguide walls 
in contact with the film is of the order of 30 mil. Therefore, 
the film does not make a very good electrical contact with 

the rest of the waveguide. The contact resistance will 
increase the measured value of attenuation. 

(ill) In spite of taking all the cares some gaps were left 
between the film and the waveguide through which there can 
be a leakage of power. 

5.3 Measurement of radiation nattems 

To measijre the radiation pattern of TLA it was 
mounted on a turn-table. The feed end of the antenna 
coincided with the azis of the turn-table. A pyramidal 
horn was used as the receiving antenna. The separation 
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"between TM and tlie receiving antenna was adjusted so 
that the condition R > 2I(^/ X for the far field is 
satisfied. Here, R is the separation "between the receiving 
antenna and the transmitting antenna, L is the length of 
the radiating aperture and x is the free space wavelength 
of operation. The length i of the antenna used is 20 cms. 
Block diagram of the apparatus used in measuring the 
radiation patterns is shown in Figure 5 •6. Measured 
radiation patterns are shown in Figures 5.7» 5.S and 5.9» 

The parameters selected are 'b=0.95 m, cr=l. 08x10^ mho/m, 
t = 1300 AU, 1=20 cms and f = 11, 10 and 9 GEz respectively. 
The radiation pattern shown as dotted in these figures is 
the theoretical radiation pattern obtained by using 
eqn. (4.26). 

5 *4 Oomparison with theoretical results 

Some of the observations from Figures 5*7, 5.8 and 
5.9 are summarised m Table 5.3. These include position of 
main beam, half -power beamwidth and level of highest sxdelohe. 
It IS seen from Table 5.3 that the agreement between the 
theoretical values and the measured values for these 
characteristics is fairly good. The measured beamwidths 
are slightly lower (about 1°) than the calculated values. 
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Fig 6 5.7 Compajrlson of theoretical and experimental radiahiOTi, 
patterns (b«0.9f5* cf**i»^8xl0^iflho/a,t>«*d.l3vi m) 




0 30 60 90 

0 ( Degrees) 


Fig. 5.8 Comparison of ttwkoratical and ex|:«rimental radiation 
patterns cF**1.08xi0® Biho/m,t=0 .13 pmj 
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CHAPTER 6 

OpMPARlSOH WITH OTHER LEARY ¥AVE AHTMNAS 

The Blotted waveguide and channel guide antennas 
are two most commonly discussed leaky wave rectangular 
waveguide antennas. These structures are obtained by 
interrupting the flow of microwave current by cutting slot 
in the wall of the waveguide, or by removing the wall 
completely. Therefore, the current distribution at the 
radiating aperture is difficult to determine accurately. 
However, in the case of TIA the current distribution at the 
radiating aperture (thin film wall) is a small perturbation 
of current distribution at the wall of rectangular waveguide 
and can be evaluated exactly by the analysis presented in 
Chapter 2. 

6.1 EASE OE DBSICT 

The design of TLA is simpler compared to other 
leaky wave antennas. The radiation properties of a leaky 
wave antenna are determined by the propagation constant y. 

It has been shown in Chapter 2 that the propagation constant 
for TIA can be written in the form of a simple expression, 
c/v or P/Rq variation of TLA is essentially that of a simple 
parallel plate waveguide. The expression for a/kQ,eqn. 
(3.24), IS obtained by modif^ring the expression for aAo 
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for parallel plate waveguide for finite values of c and t» 

In the range of parameters where change in phase constant 
IS small (Figure 2.2) the difference between the value of 
given by the simplified expression and the exact 
numerical solution is less tl^n 5 percent. As a result 
of the simplified expression for a/k^ the beamwxdth of TLA, 
eqns.(4.41) and ( 4 . 49 ), can be easily calculated. Another 
advantage of this simplification is that the position of the 
beam at which beamwidth is minimum, eqn. (4.55), can be 
obtained very easily. 

6*2 HARROW BEAMS 

For certain applications, it is needed to have 
small values of a/kQ in order to obtain narrow beamwidths 
from long antennas* These small values of ct/kQ can be 
obtained either ( 1 ) by operation near endfire or 

(ii)‘ by using a very small slot width in a slotted waveguide 

antenna or very small channel width in a channel guide antenna 
(for operation away from endfire). 

As an example* let us calculate the slot width or 
channel width required to obtain a propagation constant 
v/kQ’sO.TSA-fjO.Oies at 10 GHz. For TLA to have this propa- 
gation constant the parameters are b=s2.41 cms, t/6*9* 05x10“^ 
and *=1.08x10^ mho/m. Table 6.1 gives the dimensions of 
slotted waveguide and channel guide to have this propagation 
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constant. It is to ^6 noted that the slot width or the 
channel width required le very small (0,07 cm.). These 
spacings decrease with the decrease in the value of a/kp» 

The small spacings, however, may limit the power-handling 
capability of the anteima. In TLA, low values of 
can he easily obtained by increasing the thickness of 
imperfect wall (Pigure 2.3), Thus, a long TLA can be 
used with a beam pointing away from endfire, 

6 • 5 SILELOBB CHAlL^CTBRISTIG.q 

In this section the sidelobe characteristics of 
TLA has been compared with that of slotted waveguide 
antenna. Before the comparison, the sidelobe characteristics 
of slotted waveguide are discussed. 

Th'e slotted waveguide antenna supports an extra 
mode called the slot mode [20,21], over and above the 
perturbed waveguide mode. The propagation constant for the 
slot mode is approximately the same as that for the dominant 
mode in the corresponding double ridged waveguide [21], The 
slot mode gives rise to an additional sidelobe in the 
radiation pattern of the slotted waveguide antenna. This 
additional sidelobe for two oases with different slot 
widths IS shown in Figure 6*1 where measured radiation 
patterns have been plotted. The additional sidelobe is at 



11 ^ 



e (Degrees) 


Fig. 6.1 Measured radiation patterns of a 
slotted waveguide antenna for tsro 
different slot widths. 
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©=68 in both the cases, itmthermore, the efficiency 
of excitation of slot mode increases with the increase 
in slot width. This also is apparent from Figiire 6.1. 

The power level of this additional sidelobe increases from 
-6.8dB to -2.4 dB when the slot width is increased from 
l/l6” to 3/16" . Moreover, the level of the additional 
sidelobe at ©=68° is higher than the highest sidelobe due 
to perturbed wavegiude mode. It is shown below that TIA 
does not have this additional sidelobe. 

Radiation patterns for slotted waveguide antenna 
and TIA are compared in Figure 6.2. For comparing the 
shape of the patterns, the peak levels have been adjusted 
to zero dB. Radiation pattern for slotted guide antenna 
(slot width 1/16 in.) is obtained by experimental measurements, 
whereas that for EDA is based on theoretical results. The 
theoretical radiation pattern for the slot width of 1/16 in. 
could not be obtained because the expression for the propa- 
gation constant of the perturbed waveguide mode given in 
[«]» does not hold for this slot width. It is seen in 
Figure 6.2 that there is a sidelobe on the endfire side of 
the mam beam in the radiation pattern for the slotted 
waveguide. As discussed earlier it is due to slot mode 
propagation. However, in the same figure one observes 
that there is no sidelobe towards the endfire side of the 
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main team in the radiation pattern for TLA. Hence, 
the sidelohe characteristica of TLA are tetter than 
that of slotted waveguide antenna. 
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CHAPTER 7 
C0N0LIT3IQM 

This chapter enlists the main results arrived at in 
this thesis and provides some suggestions for further work. 

7-1 SUMMARY OP RESULTS 

Waveguiding and radiation properties of a parallel 
plate waveguide with an imperfect plate (o ^4 oo) has been 
studied. The effect of finite conductivity cf and thickness 
t of imperfect plate on the phase constant and attenuation 
constant for TBM-like, TM and TE~modes has been evaluated. It 
has been observed that for t/6< 7t/2 the value of phase constant 
and attenuation constant increases with the decrease in either 
or both «f and t for all the modes mentioned above. These 
constants also increase with increase in value of dielectric 
constant of medium separating the parallel plates. 

Attenuation constant has been obtained by using the 
transverse resonance technique also. This approach shows that 
attenuation can be minimised by optimising the thickness of 
metal used. This optimum thickness is given by t/6 = it/2. 

A new type of leaky wave has been observed for t/6 < lO""^. 
This wave is associated with large values of attenuation. It 
is charastensed by a phase velocity less than the velocity 
of li^t and its growth in transverse direction is similar to 
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that of leaky waves* This wave has been termed as slow 
leaky wave. 

In addition to these slow leaky waves the structure 
can support fast leaky waves as well as slow surface waves. 
B'^sed on the results of the radiation properties for fast 
leaky waves, a leaky wave antenna called TIA has been tested 
successfully at Z-band frequencies. RG-52U waveguide 
(0,9'* xO. 4” ) has been used for fabricating TIA. A thin 
film of bismuth has been chosen for the imperfect wall. 
Thickness and conductivity of bismuth film used are 1300 AU 
and 1.08x10 mho/m respectively. Propagation constants and 
radiation patterns have been measured at 9,10 and 11 &Hz. 

For an antenna length of 20 cm a beanwidth of 12° with 
main side lobe 11.3 dB down has been obtained at 11 GHz. 

The agreement between the theoretical and ejqperimental 
values IS fairly good. 

TIA has been compared with other leaky wave antennas. 
It has been observed that designing a TIA is easi'-'r compared 
to other leaky wave antennas since c/v variation of TIA 
is essentially that of a simple rectangular waveguide and 
a/k^ also can be evaluated easily. TIA can be designed to 

give narrow beams in directions other than endfire also, 

{ 

Moreover, TIA has better sidelobe characteristics than the 
slotted waveguide antenna. In the radiation pattern of 
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slotted waveguide antenna there is another sidelohe due to 
slot node. This node is not present in TLA* 

7.2 CON01I3DING REMARKS 

It was observed during this study that TLA can be 
designed to give narrow beans in directions other than end- 
fire also. This property of TIA may be utilized to construct 
a long antenna giving narrow beans. To obtain narrow beams 
the value of attenuation should be correspond in ^y low. Low 
values of attenuation can be obtained by depositing thicker 
metals. The method of electrodless deposition may be used 
for depositing metal on longer lengths of dielectric. The 
metal should be deposited directly on the dielectric. This 
will avoid the difficulty of electrical contact between the 
metal film and the rest of the waveguide experienced during 
this study. 

The present study on TLA nay also be extended to 
circular waveguide with thin imperfect wall. 

The result obtained in this study about the optin\mi 
thickness for minimum attenuation can be utilized for 
reducing conductor losses in micros trips, Micro strips are 
obtained by depositing a strip of metal (usually t > 48) on 
a slab of dielectric. For optimising the conductor losses, 
the thickness of strip line should be adjusted to an optimum 
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value, dependent upon the fre<juency of operation, during 
the fabrication of microstrip. The reduced thickness of 
strip, in addition to optiuising the attenuation, will 
help in obtaining sharply etched patterns. 

The optimisation of losses wi^.! also help in increasing 
the Q of the microstrip cavity. Here one should note that the 
attenuation is a fimction of frequency also- 

It may be worthwhile to carry out further investigations 
on slow leaky waves observed during this study. It is not yet 
known what type of other structures could also support a wave 
of this type. Radiation characteristics of this type of 
wave deserve further study. 
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APPEMDIX A 

APPROXIMA^LIONS used BT SOIVIHG THE JISPERSIOIT 
RELATIONS ARP THEIR PHTSIOAL IMPLICAIIOTS 


Equations (2,9) and (2.10) are the approximate 
solutions of the relations (2.5)» lu arriving at these 
e^aations some approximations were made for dy, h^jh^jh^ 
and h^h; pj_,p 

approximations* The implications of these assumptions in 
limiting the values of physical paraimeters of the structure 
for TI^q mode (e^=l) have also "been included. 

Approximation for 6 y ; | 6y/kQ] « YqAq for the perturbation 

approximation to hold good. 

Approximation for L 2 »P 2 * since for a good conductor 

I 

,Pj^;(a) Por TE, TM modes; Using eqn. (2.7) 
in eqn, (2.3a) or (2,3d) and assuming that 

2^1 l£-l « 

I ^0 ^0 ' 

the expression for ^1^0 obtained as 


Expression for h^ 


2 »p^ and P 2 _b. This Appendix lists these 


(b) for TM~like mode. 




nic 


dy 




)^ 


(laA) 

(ibA) 
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App roximation for tan (h ^ b), tan Por the parallel 

plate strnctnre with perfectly conducting plates pj^b=0 for 
TEM-mode, p^'b=n'Tc for TM modes and h 2 _'b=n'n; for TB modes. In 
case of imperfectly conducting plates, the following expressions 
for tan(h^b) and tan (J^b) have been assumed. 


tan (Pp^) 
tan (Ppb) 
tan (h^b) 


= p^b (IBM-like mode) 
= ppb“nTt;(TM modes) 

= h^b-n7t(TE modes) 


(2aA) 

(2bA) 

(2oA) 


Expressions for h^,p^ . The expression used for h^/k^ 
or Pj/kQ, IS different for e^=l and > 1. 

(a) = 1. Using eq.ns.(2.3) oiie finds 


(3aA) 

(3bA) 


h^/kQ = h^/pQ (TE modes) 

p^/kQ = Pp/kQ (TBM-like, TM modes) 

(b) > 1. (i) Eor TE, TM modes Using eqn. (2.7) m 

eqn. (2.3c) or (2.3f) and assuming that 


|( 


Yq + 

It ' 
^0 


« 1 


one obtains, 


|2,|2-= (4A) 

^0 ^0 0 ^0 0 

(ii) Eor TEM-like mode: Here unperturbed value 

of -p^/k^ has been assumed and is given by, 

■^3 0 
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PjAo = 3 (e^-1)^ (SA) 

The approximate expressions for h^, hg, and 
tan (hj^To); p^, p^, p^ and tan (p^l) have been listed above. 
These expressions were used in arriving at the closed fom 
solutions of the dispersion relations (2.5) • Because these 
approximations are valid under certain conditions only» they 
restrict the range of parameters f, b, o and t for which 
solutions (2.9) and (2.10) are valid. The range of these 
parameters for which eqn. (2.9a) is valid is determined next. 

limitations on the values of parameters for the approximate 
solution (2.9a) to hold good 

limits on b and f: Eq.uation (2.9a) is the leaky wave solution 
of eqn. (2.5a). Therefore, the range of yAq is 0< Y/kQ< !• 
The corresponding range of x/2b comes out to be 

1 >x /2b > 0 

limits on t and cr ; It will be shown that when t > 46 the 
perturbation 6 yAq negligible. Therefore, there is no 
upper limit on the value of t. Hence, the lower limit en 
t IS determined. 

In order to arrive at eq.n. (2.9a) the following 
approximations were made in eqn. (2.5a): 

(i) h^b = 11 + A ,A is a small complex number. 

(ii) tan (A )=A (The error will be less than 10 percent 
If lAf< 0.5). 





126 


(ill) h2 ~ kg ^/K 

Since the lower limit on t is to he determined it may he 
fiirther approximated that: 

(iv) tan (h 2 t)=h 2 t(This is valid for t/6<0.4)» and 

(v) jh^t = ohj_t = I d(7t+ A )t/b ( <<1 (since t/h is 
very small) 

Approximations (iv) and (v) are consistent with the end 
results as can he seen later from eqn. (12A). 

Using the above approximations (2*5a) reduces to 
^1 

A = -i— (6A) 

3h^+k^t k 

Approximation (ii) limits jAj to a value less than 0.5 for 
reasonable errors. Hence, the modulus of right hand side 
of eqn. (6A) should he less than 0.5* Therefore, 

I i — I < 0.5 (7A) 

jhj+kJtE 

Note that foa^ Therefore, eqn. (7A) reduces to 

1 ^ 1<0.5 (8A) 

jhj^+kQtK 

For good conductors cr/<DeQ»l, therefore 

I^(kQtK) » Real (k^tK). Also, h^ may he replaced hy its 

uiipGr*fcurb6d vAluo n/b* UndGp tliG al^ovo simpliflcOrtionB 
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eqn. (SA) reduces to 

cf/oj Eq < 0-5 

The above inequality is satisfied for 

kot k^b o/u Sq > % 


Or 

at > = — i— 

X 


12011 

2b 

or 

t/6 > 

6 

“b 

with 

0 < X /2b 

< 1 


(9A) 


(lOA) 
(11 A) 
(12A) 


When a numerical computation for propagation 
constant is done for eqn. (2.5a), and is compared with 
eqn. (2.9a) it is found that eqn. (12A) is a good approxi- 
mation for the range 0.1 X/2b < 0.95* It is to be noted 
that for metal films the approximate solution (2.9a) is 
valid even for very small thicknesses e.g. for silver films 
(at 10 GHz, b=0,95” ) t/d can be as low as 2x10”^, 
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appehdix b 


MTTffTPlE REPLEOn^Tn^j^ 


The power incident at tlie imperfect wall is 
distributed in the following ways; 


(i) a portion of the incident power is reflected by the 
imperfect wall> 

(ii) the rest of it is transmitted into the imperfect wall. 

The fraction of the power which is transmitted into the 
metal undergoes multiple I'eflections when the thickness 
t of metal is less than 6, ^ part of the power, incident 

in the thin filn,geis absorbed in it, part of it gets 
transmitted into the feed region and the rest la 
transmitted into free space which is observed as a 


radiation. 


In order to see how multippg reflections are built 
into the expression for 1, write eqn. ( 4 . 62 ) in the form 
given below [l4] 


T=p(l-<ie Me e 3 


(Bl) 


where 



(B2) 
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APBEKDIX G 

E EEECT, OP A StIPPORTING DIELECTRIC MYER 

Let the dielectric support has thickness 1 and 
relative dielectric constant Figure 10 shows the 

parallel plate configuration obtained by introducing this 
sheet between the metal film and outside space. 

— ■' " '■ f ii' a * 

xp::ni 72 rj-r / :r p jT rm frxL 7 jy:u / r / r a . t,cy 

b.e 
^ r 

y y ry'v y ? "yi r yyyyy ■ y - y ’7 py ' /^y 

Fig. 10 . Parallel plate configuration with 
dielectric support for thin film 
The dispersion relation for TE-mode for this config\iration 

IB obtained as, 

h^[jh^+hj tan (h 2 T)][hj_tan(h 2 't)+h 2 tan(h-j_b)]+ 

hgC jh4tan(h^T)-h^j[h^-h2tan(h2t)tan(h^b)] = 0 (IG) 

where h^ » ^e^^-CYAo^ ^ 

and h^ = k^ ^ I-CyAq)* 

h^ a-J 3 d hg are the same as defined by eqns. (2.3 ). Note 
that eqn. (1") reduces to eqn. {2.5a ) when !iyO and hj=h^» 

For b*0.95 in, e =li f*9 GHz, <3i=8.33xlo5 mho/m, 
and t/6*=0.002 the root yAq of the dispension relation 
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(2.5a ) IS (0.7259+00,0354). When a thin layer of 
dielectric, with e^^=2.58 and 1=5 mii, introduced as 
a support for the metal film the root of the modified 
dispersion relation (lO) ig obtained as (O.7265+0O.O333), 
This shovrs that the introduction of a thin layer of 
dielectric gives rise to a very small change in the 
IDropagation constant. Therefore, the effect of the thin 
supporting dielectric layer on the propagation constant 
nay he ignored. 
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APPENDIX D 

DBRI-VATION OP RELATIONS BETWEEN p AND a POR LEAK! WAVES AND 
SURPAGE WAVES POR A LOSSY STRUCTURE 


Equa cions (2.24) are the relations between p '•-nd a for 
which leaky waves and surface waves are obtained. The detailed 
procedure for obtaining these equations is given in this Appendix. 

Leaky waves and surface waves arc characterised by chc 
field configurations outside the structure. The field configura'. 
tions ere written in terms of conditions on real and imaginary 
parts of transverse wave number 'h'. Here, the conditions on 'h' 
are translated in the form of relation between the real and 
imaginary parts of more commonly used complex propagation 
constant Y(=P+oa) along tho direction of prr'pagation. 


Since h *= is a double-valued , function, the concept of 
Riema,nn surfaces is used to define it uniquely. In the case of a 
square root function, Riemsnn surface consists of two sheets. 

Here, proper (or top) sheet is chosen to be characterised by 
Im(h/k^) > 0, and improper (or boLtom) sheet by Im(h/k^) < 0, The 
multi-valuod functions are uniquely defined on Riemann shctts when 
plotted in polar- coordinate system. Therefore, we shall write 
h/k^ in polar coordinates. 

Equation (2.16) fOr h/k^ gives (for »' l) 


(Vko)' ^ 

where X = 1 - (p/k^)* + (^Aq)^ 

Y = 2[(a/k^) (PAq)^ 


(Dl) 

(D2) 

(D5) 


and 
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In ordi-r to define h/k^^ in polar coordinates, let 



(D4) 

nquival once of (Dl) and (D4) givus 


r = + Y^) 

(D5) 

Y (a/k ) (p/k )] 

and tan 0 ' 

(D6) 

Equation (D4) is used to write h/k^ in 

terms of r and 4, 

It gives 


o 

n 

CD 

{D7) 

Separating the reel and imaginary parts 

of h/k^ yields 

Ro(h/kQ) » fr cos((j)/2) 

(D8) 

and Im(h/k^) s: fr sin (4/2) 

(D9) 


Equation (D9) la used to characterise' the two Eiemann she ts, 
proper and itaproper, in tenns ox fl). It yields 

Propor-sheet (top) 0 <. ^ < 2 % -(ElO) 

Improper-shec t (bottom) 2tx <. $< 4tn (Dll) 

Iho two Riemann sheets of h are shown m h -plane in figure Dl. 

The conditions on Im(h/k^) have projected leaky waves 
(lm(h/k^) < 0) and surface waves (Im(h/k^) > 0) on the bottom 

and top sheets respectively of the two-sheeted Riemann surface. 
Now conditions on R£(h/k^) will be used to separate out regions 
of top or bottom sheet for the forward travelling waves. 



(i) loaky Waves. Leoky wsvos ^tt *■ 

y waves arc characterised by Iin(h/k ) < o 

i.e. 271 _< (j) < 471 , Qij^g condition Refh/k 'i -s. n ■». j. 

xie^n/K^; > 0 restricts this 

range of values of ^ to 37. < <^ < 47. (quadrants III and IV, 

.n m(.)) . the .egxcn cc rr.spo„,i„® to 

3- < ♦ < 7V2 (quadrant III^) i. not captured ty the atcepcat 

descent path [8, p.l75, Pxgure 19.24] and therefore, it doea 

not contribute to the radiation pattern near the peak. 

Therefore, ue ore left with the region IV, i.e. 

Jd 

< 4 < 4 r 


1. c, 


tan 6 < 0 


Equation (D6) shows that tan^’< 0 is obtained for Y/I > 0, Since 
0 and backward waves arc unlikely to arise with the present 
stiucture, Y is greater than zero. Hence, X > 0 i.e. 

l~(PAo)^ + (^/k^)2 > 0 (P13) 

which is (2.24a). 

(li) Surface Waves; The structure considered does not support 
lossless surface waves because it is lossy in nature (a >0). 

The only possibility is lossy surface waves characterised by 

Im(h/k^) > 0, Re(h/k^) < 0 (D14) 

Procofcding in the same manner as has been done for leaky waves 

It can bo shown that lossy surface waves are obtained for X< 0 

1 ♦ 0 ♦ 

l-(p/k„)= + (a/k^)’ < 0 

which is (2.24b). 


(R15) 
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